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Introduction   
1. Persistence of wild populations confronted to environmental 
changes: 
 
An obvious observation is that every living organism is confronted to environmental 
heterogeneity because it is ubiquitous in the wild. Environmental conditions can vary at 
spatial or temporal scales, which may cause fluctuations, for example, in risk, disturbance, 
resources distribution, in climatic conditions or in population density. Environmental 
heterogeneity can be natural, yet to date, a general concern is that human activities often 
generate additional heterogeneity at a tremendously rapid pace and scale. Human activities 
might accentuate or reduce environmental heterogeneity through habitat1 destruction and 
fragmentation, pollution, introduction of exotic species, human harvesting and climate 
change (Boutin & Lane, 2014; Laurance et al., 2008; Lockwood et al., 2013; Visser, 2008) also 
known as Human Induced Rapid Environmental Changes (HIREC, Sih et al., 2011). As a 
consequence, almost all organisms are confronted to human-altered environments2 to 
which they must adjust over short timescales. Humans are considered one of the major 
selective forces influencing the rates of organism trait changes, often at a pace that exceeds 
the pace imposed by natural drivers of selection (Hendry et al., 2008). While some species or 
individuals respond well to HIREC, to the point where some are considered as invasive 
species (Lockwood et al., 2013), others are highly vulnerable to it resulting in species 
declines, extinction or range shift (Walther et al., 2002). Thus, there is an urgent need to 
understand how human activities have an impact on the ecology and evolution of wild 
                                                          
1
 Habitat: Suite of resources (food, shelter) and environmental conditions (biotic and abiotic) that determine 
the presence, survival and reproduction of a population 
2
 Environment: All the ecological components that surround an individual. 
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populations and ultimately their persistence (Pelletier & Coltman, 2018). It will allow to 
understand why some species struggle with HIREC while other cope well with it. This is 
possible by investigating the different responses deployed by organisms confronted to 
environmental changes. First, organisms might change their environment, either by shifting 
their environment geographically either transitorily (e.g. migration3) or permanently (e.g. 
dispersal4) or by modifying the actual environment (e.g. niche construction). For example, 
humans moved to cities to avoid flooding in Bangladesh (Black et al., 2011) and birds 
construct nests to create suitable microhabitats for incubation and offspring development. 
Second, there might be a change in the phenotype5 (e.g. life history, physiology or 
behavioural traits) to better match the environment. For instance in response to global 
warming, marmots change their hibernation timing (Ozgul et al., 2010) birds, squirrels and 
deer give birth earlier (Crick et al., 1997; Moyes et al., 2011; Réale et al., 2003) and plants 
bloom earlier (Fitter & Fitter, 2002) or adjust through changes in their leaf morphology 
(Guerin et al., 2012). Phenotypic changes are often due to phenotypic plasticity which is the 
ability of a genotype to produce different phenotypes in different environments (Pigliucci, 
2001, 2005). Labile traits can respond quickly to environmental conditions, yet there are 
costs and limits associated with phenotypic plasticity (DeWitt, 1998). For example, if an 
environment is unpredictable or environmental cues are not reliable, phenotype-
environment matching becomes impossible. One must also consider that not all phenotypic 
plastic changes are adaptive; the direct response to the environment can also be detrimental 
                                                          
3
Migration: Cyclic, seasonal movement between breeding and non breeding-areas 
4
 Dispersal: The movement of individuals from their place of birth to their place of reproduction (i.e. natal 
dispersal). 
5
 Phenotype: The set of characteristics of an organism that results from the interaction between its genotypes 
and the environment within which it has developed.  
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(Duputié et al., 2015; Ghalambor et al., 2007). For example plant responses to drought not 
only reduce water loss but also impede the investment in growth, reproduction, and defence 
(Desprez-Loustau et al., 2006). Lizards shifted their habitat use in response to warmer 
temperatures at the expense of feeding and mating opportunities (Sinervo et al., 2010). As a 
consequence, phenotypic plasticity alone might not be sufficient to sustain the response to 
environmental changes. Another process can be involved with phenotypic changes; it is the 
micro-evolutionary response to selection (i.e. the capacity of a population to evolve in 
response to environmental changes). It might be required for a population to adapt to 
modified environments (Both & Visser, 2001; Visser, 2008). For natural selection to act on a 
population and lead to a micro-evolutionary response, there are three conditions to be met: 
(i) the phenotypes of individuals must differ, (ii) some phenotypes must do better on 
average, in terms of fitness6, than others, (iii) this variation in performance must be 
heritable. In other words, the genetic component of fitness variation is transmitted to the 
offspring. Thus, the evolutionary potential7 of a population is related to its amount of 
genetic variation for fitness-related traits. In the long term, genetic variation plays an 
important role in allowing adaptive evolution in response to changing environments and 
thus contributes to the long term persistence of populations. Micro-evolutionary responses 
are often slower than phenotypic plasticity responses (Hendry & Kinnison, 1999). Which of 
these mechanisms contributes the most to the response to environmental changes is 
debated (Gienapp et al., 2008). Both responses are obviously important. For example, global 
warming caused a mismatch between the timing of energy requirements to feed newborns 
                                                          
6
 Fitness: expected contribution of an individual to future generations (Stearns, 1992).  
7
 Evolutionary potential: measure of capacity of a population to change over time with respect to some future 
state, given some starting state of affairs (Brown, 2014) 
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and food abundance in red deer. As a consequence parturition date has advanced by 2 
weeks in four decades. This change in phenotype was rendered possible due by both to a 
micro-evolutionary and a plastic response (Bonnet et al., 2019). Similar genetic and plastic 
responses in parturition date have been found in red squirrels (Réale et al., 2003). These 
mechanisms are not exclusive and are likely to covary and interact (Edelaar & Bolnick, 2019). 
For example, there might be a genetic assimilation of plasticity (i.e. environmentally induced 
phenotypic changes becomes genetically canalised or assimilated, Waddington 1953) or 
countergradient variations (i.e. when plastic response and genetic response are not aligned 
and oppose one another, Levins 1968, Conover & Schultz 1991). Thus, to understand if 
populations can maintain themselves when confronted to environmental changes, there is a 
need to adopt an integrative perspective on the mechanisms linking the phenotype and the 
environment in which organisms have evolved. 
2. Behaviour mediates interactions between individuals and 
environments 
 
A change in behaviour is often the first response of animals to environmental changes (Sih et 
al., 2011; Tuomainen & Candolin, 2011; Wong & Candolin, 2015). Behaviour can be one way 
for individuals to switch or adjust their environment or change their phenotype in response 
to environmental changes. From a purely mechanistic point of view, behaviour is the motor 
component that determines an organism position, movement, sound, electric field and 
odour emission (Manning, 1998). Animal behaviour might also be defined as a decision8-
making process allowing selection among a range of options (Danchin et al., 2008). 
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Decision: non-random process leading to the adoption of one of the alternative options available to an 
individual in a situation choice. 
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Consequently, behaviour is a direct link between the individuals and their natural 
environments. Individuals are going to meet the different environments and potential 
selective pressure through behaviours, particularly because of their different movement 
behaviours9.  
a) Movement behaviour and habitat choice 
 
Movement reflects the behavioural response to environmental heterogeneity and highlights 
the use that organisms make of their environment (i.e. space-use) at any temporal or spatial 
scale. It is the result of complex interactions between an individual and the external 
environment (Forester et al., 2007). Landscape structure is known to affect movement 
according to the different levels of risks and benefits encountered across heterogeneous 
environments (Hernández & Laundré, 2005; Johnson et al., 2002; Tischendorf & Fahrig, 
2000). Movement choices involve managing trade-off between potential benefits and risks 
(Brown & Kotler, 2004; Larsen & Boutin, 1994). Management of the trade-off may depend 
on the perception of the landscape structure by organisms and ultimately on their 
movement behaviour. This might be influenced by their internal states that will in turn 
determine the risk they are willing to incur in order to satisfy their needs. Thus, organisms 
may adjust their use of the environment through movement behaviour and the environment 
may influence in return on individuals and their movements. The adjustment of the 
environment use through movement may occur at multiple non-exclusive scales, from a 
local scale, with daily movement behaviours such as routine foraging behaviour, to larger 
spatial and temporal scales with dispersal, migration or habitat choice.  
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One behavioural response to the environmental heterogeneity in terms of perceived risks 
and benefits occurs through habitat choice. Habitat choice is a hierarchical movement 
process involving behavioural decisions whereby individuals preferentially use, or occupy, a 
non-random set of available habitats (Morris, 2003). Habitat choice occurs at multiple spatial 
scales (Mayor et al., 2009) that we might identify at four different levels (i) 1st order 
selection: the selection of a physical or geographical range by a species (ii) 2nd order 
selection: the selection of a home-range10 by an individual (iii) third order selection: the 
selection of various habitats components within the home-range (iv) 4th order selection: the 
selection of a feeding site or food items (Johnson, 1980). As a consequence, the use of the 
environment by an organism (habitat-use) will be determined at those multiple spatial 
scales. These spatial scales might be linked to different temporal scales (e.g. hours, days, 
month, decades, see figure 1 below for an illustrative example), which will determine the 
different habitat choice pattern (micro-habitat use, shift in seasonal range, shift in annual 
range etc.). 
 
Figure 1- Illustrative example of the link between different spatial and temporal scale of habitat choice. 
Figure extracted from Mayor et al 2009.  
                                                          
10
 Home-range: the spatial expression of behaviour (e.g. different movement and space-use) that animals 
perform to survive and reproduce (Burt, 1943) 




Habitat choice leads to different habitat use and thus can mitigate environmental changes. 
For example, birds living in arid habitats can minimize the effects of extreme heat events by 
temporarily changing their micro‐habitat use (e.g. change in tree preference, Martin et al., 
2015) or Eurasian oystercatcher can minimize the effects of flooding events by switching 
their territory settlements and nest construction to higher elevation (Bailey et al., 2019).  
On the short-term, movement behaviour may be in response to vital needs and may allow to 
acquire foraging resources, to avoid parasites/predators and to mediate intraspecific 
interactions (such as competition or social interactions with conspecifics) (Holyoak et al., 
2008; Nathan et al., 2008). On the long-term, movement behaviour might help to avoid 
inbreeding, population extinction, or to change local conditions and thus, selective 
pressures. Consequently, movement can be tightly linked to survival and reproduction 
(Fahrig, 2007). Thus, movement behaviour is a critical key element to consider in response to 
HIREC (Candolin & Wong, 2012; Sih et al., 2011; Tuomainen & Candolin, 2011; Wong & 
Candolin, 2015). Movement behaviour can clearly contribute to response to HIREC through 
changes in habitat use or range shift (Parmesan, 1996) and this response can operate at 
multiple scales (i.e. dispersal, migration, habitat choice). For example in response to climate 
changes, migration is more rapid and arrival time is adjusted for avian migrants (Tøttrup et 
al., 2008) and non-migratory butterflies (ca. 63%) have shifted their range to the north 
(Parmesan et al., 1999). Hedgehogs also changed their habitat-use by shifting their feeding 
and ranging behaviour to avoid human presence (Dowding et al., 2010). More recently, 
Tucker et al (2018) demonstrated that non-volant terrestrial mammals show a reduced 
movement of 30-50% in response to human footprint. There is still much to discover about 
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the mechanisms underpinning these changes (Holyoak et al., 2008). It is essential to 
understand the phenotypic variation within a population to better understand the 
underlying mechanisms. Among-individual variation has been shown to play an important 
role in dispersal (Cote et al., 2010; Cote & Clobert, 2007). Surprisingly this aspect remains 
poorly investigated for routine movement behaviours (Spiegel et al., 2017). Advances in 
Global Positioning System (GPS) technologies offer great opportunities to study among-





Box 1 – Biologging technologies 
 
Although behaviour may be assessed through field observations, it is done most of the time in artificial 
environments such as laboratories. To understand behavioural responses to environmental changes, it is 
essential to assess behaviours in the natural environment because the range of behavioural responses 
expressed in a new artificial environmental may be different from those observed in the wild (Archard & 
Braithwaite, 2010). The advent of Global Positioning System (GPS) offers the opportunity to study 
behaviours in any natural environment. GPS devices (aka GPS tags) provide locations of individuals with 
accuracy, at different temporal and spatial scales. Locations are the unit of movement and show where 
individuals interact with the environment. GPS technology is very accurate and more repeatable than the 
triangulation approaches that are often used. It allows studying habitat choice, activity patterns, foraging 
behaviour, displacement patterns, migratory routes, etc. (Leclerc et al., 2016, Hertel et al., 2019, Spiegel et 
al., 2015, Benoit et al., 2019, Frair et al., 2005). Its use is becoming more frequent because of the 
emergence of new technologies combining GPS with sensor tags. For example it is now possible to assess 
continuously the heart rate, body temperature and locomotor activity of ruminants (Signer et al.,2010). 
Sensor tags such as accelerometers make it possible to assess the energy use and provide a fine description 
of behaviour at short temporal scale (e.g. 32locations/second). It is now possible to reveal intra-specific 
interactions by using proximity sensors or to combine GPS tags with remote-sensing so as to determine the 
local environmental conditions (e.g. habitat characterisation). For example van Wijk et al., 2010 
demonstrated that white-fronted geese follow peaks of temperature accelaration during their migration. 
The combined use of these technologies provides a more integrative view of how the individuals interact 
with their environment (see figure 2 below).  
 
Figure 2-  Figure illustrating the combinations of GPS tags data (in red) and sensor tags data (blue circle and rectangles). 








b) Individual variation in behaviour 
 
Animals are thought to adjust their behaviours optimally to any given environment and thus, 
behaviours are considered to be highly labile traits (Westneat & Fox, 2010). The behavioural 
ecology framework has long been focusing mainly on the average population response. 
Behavioural variation among individuals was historically considered as statistical noise 
(Magurran et al., 1998). Among-individual variation has been shown to be consistent over 
time and represents a substantial part of the behavioural variation observed at the 
population level (e.g. 37% Bell, 2009). It implies that an individual cannot express the entire 
range of behavioural responses observed within the population. For example, Ura owl 
mothers change their level of nest defence aggressiveness as a function of vole density and 
brood size but some mothers are consistently more aggressive than others independently of 
the context (Kontiainen et al., 2009). Aggressiveness might be adaptive in a nest defence 
context but being always aggressive might be inappropriate in some context, such as 
parental care. Hence, limited plasticity might be thought to be maladaptive depending on 
the situation. Populations harbour differences in average behaviour among individuals (i.e. 
among-individual variation) and differences in behaviour within individuals (i.e. within-
individual variation: how behaviours at each instance deviate from individuals means). 
Individuals variation in behaviour can be seen through the concept of behavioural reaction 
norm11 (Dingemanse et al., 2010) (see figure 3), with phenotypic variations due to among-
individual and within individual variations.  
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Figure 3. Illustration of phenotypic variation in behaviour assessed through an environmental gradient in an 
imaginary population of four individuals (Ind1, Ind2, Ind3, and Ind4). Individuals differ in their average 
response; corresponding to Vind (elevation, illustrated in red arrows, for each individual) but the individual 
response can vary across environments; corresponding to VRes (slope response, illustrated in blue arrows). 
The dashed line corresponds to the population-average reaction norm and the black arrow represents the 
total phenotypic variation observed in the population (VP).  
c) Between-individual variation in average behaviour: personality 
variation 
 
Behaviours exhibiting among-individual variation consistent across time and contexts are 
also known as personality traits (Gosling, 2001). If we refer to figure 3 and state that the 
behavioural response is aggressiveness , it means that individual n°1 will always be more 
aggressive than individual n°2 which itself will always be more aggressive than individual n°3, 
and so on. The among-individual variation in behaviour and the rank order between 
individuals are maintained over time whatever the context. In the literature, we can identify 







five axes of personality traits in non-human animal populations, which are also known as the 
big five (Réale et al., 2007; Sih et al., 2004). They have been labelled: (i) boldness-shyness 
(i.e. individual reaction toward a perceived risk) (ii) activity (i.e. general level of activity) (iii) 
explorations-neophobia (i.e. individual reaction toward a novel situation) (iv) aggressiveness 
(i.e. tendency to attack other individuals) and (v) sociability (i.e. individual reactions towards 
conspecifics). Traditionally, animal personalities have been indexed by repeatability 
estimates (Falconer & Mackay, 1996; Nakagawa & Schielzeth, 2010) defined as: 
  
    
         
 
where Vind is the among-individual variation, Vres is the within-individual variation in such a 
way that their sum is equal to the total phenotypic variation. It should be noted that 
repeatability can be calculated for all types of traits, not only behaviours. There are some 
discrepancies about what is true repeatability and what is not (pseudo-repeatability) 
(Wilson, 2018, see box 2 for more details). High repeatability might be due to high within-
individual consistency (reduced Vres) or due to high between-individual variation (Vind). It has 
resulted in confusion in the distinction between the consistency (i.e. the reproducibility of 
relative measurements within an individual) and the repeatability. Furthermore, 
repeatability cannot provide a comparable metric across populations and species, as it is 
depending on phenotypic variation, which is a property of a given population. In the 
presence of equal repeatabilities, there might still be a different balance between among- 
and within-individual variations. How to correctly assess personality variation is a timely 
question in behavioural ecology. Dochtermann & Royauté (2019) recently recommended not 






   
    
          
      
It represents the percentage of variation in trait expression attributed to among-individual 
variation, relative to the mean. This allows comparing the magnitude of the variation across 
traits to understand how behavioural traits might differ.  
 
Box 2. Repeatability estimates in free-ranging populations 
 
Repeatability (percentage of phenotypic variation attributed to among-individual variation) alone is not 
informative about mechanisms underpinning among-individual variation (Wilson et al., 2018). There is 
the debate of what should be or should not be included in repeatability estimates. Niemela & 
Dingemanse (2017) define repeatability as arising exclusively from a mix of genetic variation and 
irreversible plasticity. For example, traits of individuals repeatedly assayed in different habitats may 
differ because of these different habitats since they were not assessed in the same environmental 
conditions. There might be reversible plasticity, meaning that if individuals had the choice to change 
environments, they would not have the same behaviour. In the literature, it has been named pseudo-
repeatability. Should habitat variation be excluded to avoid an overestimation of repeatability? 
 Habitat patchiness is a natural feature of landscapes and environmental heterogeneity might be a 
driver of among-individual variation. Moreover the choice to be in a certain habitat might be linked to 
personality (i.e. matching habitat choice hypothesis Edelaar et al., 2008, Holtmann et al., 2017, Leclerc 
et al., 2017). Consequently, one might consider that it is relevant to keep habitat variation in the 
repeatability estimates to not underestimate it. 
 As stated by Wilson 2018, neither point of view is incorrect. It should be acknowledged that it provides 
different repeatability estimates with different meanings. Controlling for differences between habitats 
provides repeatability estimates for individuals living in homogenous environments. Not controlling for 
it provides repeatability estimates for individuals living in heterogeneous environments. Thus, caution 






There is a lot of debate about the use of the term “personality” to qualify the among-
individual variation in behaviour and the classification of individual behaviours in five 
different types of personality traits (see Behavioral Ecology, Volume 28, Issue 3 for a special 
issue on it and box 3 for more information). Particularly, critics argue that there are 
methodological and terminological inconsistencies (Roche et al., 2016). Labelling specific 
measures of behaviours (e.g. boldness) might be a problem as a similar behavioural 
response might be labelled differently and different behaviours with different fitness 
relevance might be grouped under the same label (see Brommer & Class 2017 for a review). 
Above all, what should be noted is that there are among-individual differences in behaviour 
as in any others traits (e.g. morphology, life-history, physiology). No matter how it is termed 
(i.e. personality), the relevance of studying among-individual differences in behaviour makes 
unanimity. It has helped to improve our understanding of extinction risks and population 
stability (Pruitt, 2013), biogeography processes (Canestrelli et al., 2016), invasion success 
(Juette et al., 2014), disease transmission (Barber & Dingemanse, 2010; Keiser et al., 2016), 
selective harvesting by humans (Biro & Stamps, 2008) or wild life management (Honda et al., 
2018; McDougall et al., 2006). What particularly interested scientists is that behaviour is 
considered as a highly labile trait. Yet, the presence of personality variation implies that an 
individual does not express the entire range of behavioural responses observed within the 
population. Thus, the presence of personality variation can be seen as a restriction of the 
individual ability to cope with a full range of environments. Moreover, different behavioural 
traits harbouring personality variation may not act independently in response to 
environmental changes, but rather as a suite of traits that have co-evolved (a.k.a behavioural 
syndromes, i.e. among-individual covariation in behaviour)(Sih et al., 2004). For example 






sticklebacks are also more prone to take risks. The same tendency has been shown in web 
spiders (Riechert & Hedrick, 1993). More generally, it is currently stated that risk-prone 
individuals are those with higher levels of activity, exploration, aggressiveness and asociality. 
This implies that there might be behavioural trade-offs and that individuals cannot express 
independently the entire range of behavioural responses. Thus, limited plasticity induced by 




Box 3 . ”Are personality researchers painting the roses red ? “ 
(Citations from Pruitt 2017) 
While personality variations is a largely accepted phenomenon across animal taxa, from humans (Goslin et al., 2001) to 
non-human animals (Bell et al., 2009), relevance of the term and usefulness of this framework does not make unanimity 
to such an extent that Beekman & Jordan (2017) and Junworth and colleagues (2017) ask whether “the field of animal 
personality provide any new insights for behavioural ecology?“. Their conclusion is that there is a need to abandon 
concept and terminology of animal personality. This prompted the comments of numerous authors to debate about it. 
Below is a summary of the reproach (cons) and their reply (pros) about using the personality terminology. What should 
be noted is that the decomposition of phenotypic variation into among- and within-individual variations is not new to 
ecological or evolutionary biology. Quantifying among-individual variation in repeatedly expressed traits rather than 
phenotypic variation has helped improving our understanding of multiple-hierarchical variations in behavioural traits. 
Furthermore, the personality framework clearly helps to integrate quantitative genetics and behavioural ecology 
because of the variance-partitioning approach required. This might help to understand how and why among-individual 
variation in behaviour is maintained.  
Cons Pros 
 Personality terminology is 
anthropomorphic. 
 
 Personality term creates a channel to convey science to the 
public. 
 
 Behavioural ecologist considered the 
effect of individual differences prior to 
the understanding of the existence of 
those differences.  
 Link with quantitative genetics framework which attempts to 
understand why there is among-individual variation (genetic 
vs environmental origin).  
 Saying it is new while it is just 
terminology that changed.  
 Predict among-individual variation in repeatedly expressed 
behaviours rather than predicting phenotypic variation in 
behaviour.  
 Mainly descriptive.   Incorporation of quantitative genetics theory into 
behavioural ecology. “Behavioural ecology meets 
quantitative genetics “(Dingemanse & Dochtermann, 2014) + 
“Animal personality meets individual plasticity“ (Dingemanse 
et al., 2010)  
 Terminology that does not allow 
comparisons. For example boldness 
that will index different behaviours.  
 Terms are linked to a well-described behaviour (e.g. 
emergence from shelter).  
 Maybe a need to move forwards the “5 factor model” and 






d) Different rate of behavioural response within a population: individual 
plasticity 
 
Individuals might not only be consistently different from each others, but also adjust their 
behaviour to environmental conditions (i.e. behavioural plasticity, Komers, 1997). Not all 
individuals within a population may have the ability to cope with environmental changes at 
the same degree. Hence, level of plasticity might also differ between individuals (i.e. 
different reaction norm slope among individuals, see figure 4), what has been named 
individual plasticity, or individual-by-environment interaction (i.e. I x E, Nussey et al., 2007; 
Stamps, 2016).  
Personality variation and behavioural plasticity have long been studied independently. It is 
only recently that their interplay has received attention (Brommer, 2013a, 2013b; 
Dingemanse et al., 2010; Dingemanse & Wolf, 2013; Mathot & Dingemanse, 2014). 
However, patterns of behavioural plasticity might affect the level of phenotypic variance 
under different environment conditions (figure 4). Individual plasticity is susceptible to 
change the amount of personality variation and co-variation (i.e. behavioural syndrome) 
across environmental gradients. This might be a particularly important problem when 
assessing behaviour in natural environment that are known to have spatio-temporal 
fluctuations. Furthermore, among-individual variation in plasticity might interact with 
among-individual variation in average behaviour. Coming back to the example of the Ura 
owl, there is an average level of plasticity in the population as a mother can change her 
aggressiveness as a function of vole density. Aggressive mothers have a stronger plastic 






termed personality-related plasticity (i.e. when the average level of behaviour can correlate 
with the degree of plasticity of the same or another behaviour, Mathot & Dingemanse, 
2014). This highlights the complex multilevel hierarchical variations present in behaviour. 
We might identify four different hierarchical levels of variation: (i) personality variation, (ii) 
individual plasticity, (iii) personality-related plasticity and (iv) among-individual co-variation 
(a.k.a, behavioural syndrome). Hence, the ability of individuals to cope with environmental 
changes depends both on their personality (co)variation and individual plasticity. To predict 
how animals will behaviourally adjust to a novel environmental context, we therefore need 
to evaluate the relative importance of personality, plasticity and co-variation in observed 
behavioural variation and their interaction. Yet, this has been rarely investigated 







Figure 4. Different possibilities of individual variation in plasticity (I X E). Among-individual variation in 
elevation (red arrow) represents personality. Among-individual variation in slope represents among-
individual variation in plasticity or individual plasticity (blue arrows). The four panels illustrate different 
forms of I X E: A- Change of total phenotypic variance according to environment gradients, showing that 
individual with lower elevation have steeper slope (correlation between elevation and slope). B- Change in 
response according to environmental gradients with a crossing pattern (no correlation between elevation 
and slope). Rank order between individuals is not conserved. C- Change in the response according to 
environmental gradients where all individual converge towards a common behaviour, such that there is no 
more among-individual variation. D- Change of the total phenotypic variance according to environmental 
gradients with a fanning out pattern, where high elevation have positive slope and low elevation have 
negative slope (correlation between elevation and slope).  
3. From behavioural ecology to quantitative genetics: synergy 
between technologies 
 
Populations that harbour higher behavioural diversity (either personality or plasticity 
variations) are more susceptible to be stable and to be less vulnerable to environmental 






to environmental changes (Dingemanse & Wolf, 2013). This is also because a population 
with a mix of individuals, which have different behavioural response, is more likely to 
harbour individuals able to cope with environmental changes (Wolf & Weissing, 2012). Thus, 
to understand if individuals can cope with environmental changes, there is a need to 
understand why there is among-individual variation and co-variation in behaviour and how it 
is maintained (Wolf & Weissing, 2010). Several adaptive explanations have been proposed to 
explain the existence and maintenance of individual variation in behaviour (Dingemanse & 
Wolf, 2010; Réale et al., 2010; Sih, 2011; M. Wolf & Weissing, 2010). There have been three 
kind of explanations proposed: (i) Models based on state differences. State is defined as a 
feature of the organisms that affects the balance between costs and benefits of behavioural 
actions, either representing a genetic or environmentally induced quality of individuals (e.g. 
metabolism, morphology, age) (Dingemanse & Dochtermann, 2014). Among-individual 
difference in state might explain among-individual difference in behaviour A single state is 
often relevant for different behaviours in different contexts. (ii) Models investigating the 
feedback between state and behaviour. (iii) Models not based on state difference (e.g. 
frequency dependent selection, spatio-temporal variation in selection pressures, Wolf & 
Weissing, 2010), (see Dingemanse & Wolf, 2010 for a review of the different hypotheses). 
Those different hypotheses are used to explain the existence of adaptive among-individual 
variation that do not necessarily involve a genetic basis (Wolf & Weissing, 2010). However, 
nothing can be said about the evolutionary implications of individual behavioural variations, 
without assessing their genetic basis. Indeed, a genetic basis for behavioural variation is the 
raw material for adaptive evolution, assuming that the ability of certain behavioural 
phenotypes to cope with novel conditions provides them with a fitness benefit. There is a 






if populations have the ability to respond to selection and persist when confronted to 
environmental changes. This has classically been tackled within the quantitative genetics 
framework (Lynch & Walsh, 1998), by partitioning phenotypic variation into genetic and non-
genetic components. Among-individual variation in behaviour might be due to past 
environmental effects (e.g. maternal effect, exposition to predators, learning, etc., also 
named irreversible plasticity), to current environmental effect experienced repeatedly (e.g. 
habitat composition), and to genetic differences between individuals. The percentage of 
phenotypic variation of the trait that is attributed to additive genetic variation12is named the 
narrow sense heritability (Lynch & Walsh, 1998). A high heritability indicates that much of 
the phenotypic variations are attributable to genetic differences between individuals and 
thus, that individuals have the potential to respond to selection (see box 3 for more details 
on assessing evolutionary potential). Yet, heritability of a single trait may provide a poor 
prediction of its evolutionary potential because the lack of independence between traits 
might constrain adaptive evolution (Arnold, 1992). This insight is particularly relevant to the 
behavioural ecology framework, as behaviours are known to be linked and form behavioural 
syndromes. Covariation among behavioural traits might be underpinned by genetic co-
variation, which indicates that there might be pleiotropy13 or linkage disequilibrium14, or by 
permanent environmental correlations, which indicates that past experiences have linked 
the traits. This might constrain or speed-up evolutionary change (Dochtermann & 
Dingemanse, 2013). Evolutionary potential might also be affected by the presence of 
                                                          
12
 Additive genetic variation: The portion of phenotypic variance for a quantitative phenotype that is due to the 
additive effects of all alleles across all loci (i.e. the type of gene action whereby each of two alleles contributes 
equally to the production of qualitative phenotypes; neither allele is dominant.)  
 
13
Pleiotropy: the capacity of a single gene to influence different phenotypic traits. 
14
 Linkage disequilibrium: the non random association of alleles at different loci. Certain combination of alleles 






heritable plasticity (Genotype by environment interaction or G x E) which is also particularly 
relevant for behavioural traits as behavioural plasticity is susceptible to differ among 
individuals (I x E). Genotype by environment interaction might change the amount of 
available additive genetic variation according to the environment and hence generate 
context-dependent heritability. Collectively, there is a need to investigate mechanisms 
underlying the different levels of the hierarchical variation in behaviour to fully understand if 
populations have the ability to respond to selection through behaviour and persist when 
confronted to environmental changes.  
e)  Evolutionary potential of behaviour in the wild: some limitations 
 
While there is accumulating evidence for the heritability of behaviour, heritabilities 
estimates show some discrepancy across the literature between lab controlled and wild 
populations estimates. Dochtermann (2019) reported a mean heritability of behaviour of 
0.235 in domestic, semi-domestic and wild animals, with a lot of heterogeneity among 
different behavioural categories (see figure 5 and corresponding legend for definitions of 
behavioural categories). This is in line with previous studies reporting an average heritability 
of 0.29 (Dochtermann, 2011; Dochtermann et al., 2015; Mousseau & Roff, 1987; Stirling et 
al., 2002; Van Oers & Sinn, 2013). This is much lower than the mean heritability of behaviour 
of 0.52±0.058 reported by Postma (2014) in wild populations. This discrepancy might be due 
to permanent environmental effects (i.e. the effect of repeated environment or long-lasting 
effect of environment) that are not perfectly distinguished from additive genetic effects in 
uncontrolled conditions and thus conflate heritability estimate. It might also be due to G × E 
effects wherein realised genetic variation is greater under natural conditions. Therefore, it is 






Dochtermann (2019) indexed 351 labs estimated heritabilities (i.e. controlled condition) 
versus only 125 field-estimated heritabilities (i.e. natural habitat) for behaviour in a meta-
analysis, thus highlighting the imbalance between lab-based and field-based heritability. In 
comparison to other fitness-related traits, the heritability of behaviour in wild populations 
remains poorly investigated (see figure 6 extracted from Postma, 2014). On the 375 
heritability estimates for wild populations, only 125 were assessed in the natural habitat (i.e. 
not in semi-controlled condition such as open-field arena) (Dochtermann 2019). Behaviour 
might be biased in controlled condition as it may represent a new environment or an 
environment very different from the reality. The complexity of a behaviour that could be 
observed in its natural settings might be missed in controlled conditions. This might be an 
important problem when assessing the heritability of movement behaviour (as for example 
“activity” categories in Dochtermann 2019).  
Individuals might be constrained in their movement in a restricted area. Moreover in the 
wild movement strongly interacts with the structure of the landscape which is absent in 
controlled conditions. The heritability of movement behaviour has only been assessed in 
natural habitats for dispersal and migration behaviours (h2 = 0.456 [0.331-0.565]). No 
estimates have been assessed for routine movement behaviour while it may be the first 
response to environmental changes. One likely reason is that it is difficult to sample 
repeatedly behaviours across the natural environments where organisms evolve. This limits 
our understanding of how animal may respond to environmental changes through their 
behaviour. The detection of the population evolutionary potential to respond to selection 
(e.g. heritability) requires estimates of genetic relatedness, which traditionally requires the 
use of a multigenerational pedigree. Long-term studies are thus necessary to obtain enough 






understanding of populations’ capacity to adapt to a relatively small number of taxa (see 
figure 7, Postma, 2014; Wilson & Poissant, 2016) that are most of the time evolving in a 
restricted habitat or isolated on islands. Thus, it is necessary to solve two methodological 
issues to understand the ability of population to persist when confronted to environmental 








Figure 5- Forest plot of estimated mean effect sizes (±95% confidence intervals) for each behavioural 
categories. Point size is proportional to the sample size for a particular moderator - Extracted from 
Dochtermann 2019.  
According to Dochtermann 2019, Activity refers to “Movement rate and patterns by individuals” , Aggression 
refers to “Antagonistic behaviour directed towards another individual”, Boldness refers to “Antagonistic 
behaviour directed towards another individual”, communication refers to the transfer of information from 
one individual or group to another, exploratory behaviour correspond to :” An individual investigating a 
novel environment “, Foraging corresponds to “Behaviours involved in searching for, handling, and 
consuming food.”, Mating corresponds to “Mate search, courtship, and copulation behaviours. “, Migration 
and Dispersal corresponds to “Movement among areas either repeatedly or on one occasion during an 
organism’s life”, Parental effort corresponds to : “Parental expenditure that benefits the offspring”, Social 
behaviour corresponds to “Affiliative and grouping behaviours (e.g., allogrooming or shoaling)” and others 








Figure 6- Relative number of heritability estimates published from 1974 to 2011 per trait type (life-history, 
morphology, behaviour, physiology) – Data from Postma 2014 
 











   
  





   
  
            
     
Box 4. Assessing evolutionary potential of population 
Assessing the evolutionary potential of a population requires the knowledge of the genetic variation 
presents in the population’s traits. In an univariate perspective this has been classically done through two 
metrics: 
Heritability – A variance standardized metrics: it represents the proportion of phenotypic variation that can 
be attributed to additive genetic variation.  
A high heritability is not necessarily indicative of a high evolutionary potential because of the dependence 
between the additive genetic variance (VA) and the environmental variance (VPE, Vres). Repeatability and 
heritability are mathematically and conceptually related (Boake, 1989). They both have the same 
denominator. The only difference is the numerator: for repeatability, it is the between individual variation 
which corresponds to the sum of additive genetic (VA) and permanent environmental variation (VPE) while 
heritability only consider additive genetic variation. Thus, repeatability will set an upper limit of heritability 
(but see Dohm, 2002 for exceptions). Heritability does not provide information about the genetic 
determination of a trait. For example, the number of eyes is genetically determined, yet the heritability is 
zero (as there is no variation). It does not provide information about the absolute amount of additive 
genetic variation. Different heritabilities among populations might be due to differences in environmental or 
genetic variation. In the absence of information on selective pressures, heritability does not provide a 
reliable measure of the evolutionary potential of traits. With heritability estimates, we can predict the 
change in trait mean according to the breeder equation R=h²S (where R is the response to selection: change 
in trait mean from generation to generation, h² heritability and S the selection differential: the difference 
between the population mean before and after selection) (see figure 8 for an example).  
For all these reasons Houle (1992) suggested rather using a mean standardized-metric called coefficient of 
variation or evolvability.  
Evolvability – A mean standardized metrics: it is the additive genetic variance standardized by the squared 
mean of the trait before selection. 
It can be interpreted as the expected percentage change in the trait value under a unit strength of selection 
(Houle, 1992). Unlike heritability, it is not influenced by the magnitude of environmental variance and can 






Below there is an example of estimated change in a trait under selection, according to the use of heritability 
or evolvability (microevolutionary response, see the figure below). We have a fictive population of sheep 
with a mean horn length distribution of 10 cm and a standard deviation of 1.98 (blue distribution below). 
We know that horn length is heritable at 40%. Without information about selective pressures, it is 
impossible to make predictions about the response to selection. Now let’s admit that there is a strong 
advantage to have big horns as it provides a better access to food and partners. Only those with big horn 
will better survive and reproduce. The mean horn length of selected individuals is 12.5 cm (grey dashed 
line). It means that the strength of selection is 2.5 (differential selection, s=12.5-10=2.5). Thus, with the 
breeder equation (R=h²S), we can predict that the response of selection in the offspring generation will be 
1cm, in other words that the offspring mean horn length would be 11 cm. We know that additive genetic 
variance of horn length is 1.568 and that the trait mean is 10, as evolvability is the additive genetic variance 
standardised by the squared mean trait, we can say that horn length evolvability is 1.5 %. It means that the 
trait mean value will change by 1.5% per unit strength of selection per generation if selection is directional 
and unconstrained.  
 
Figure 8 - Graphical representation of the response to selection. Blue distribution represents the trait distribution of the parent. 
Red distribution represents the trait distribution of the offspring. The blue dashed line is the mean of the parent, the grey dashed 
line represents the trait mean of the selected parents and the red dashed line represents the trait mean of the offspring. S is 
direction and strength of selection (i.e. the differential selection) and R is the per generation change in the mean phenotype (i.e. 
the response to selection).  
Demonstration of how to calculate the response to selection:  
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f)  Inferring relatedness using next-generation sequencing: 
 
Relatedness estimates have been traditionally based on multigenerational pedigrees, which 
are demanding because they necessitate a large number of surveyed individuals over long 
time periods covering several generations (Wilson & Poissant, 2016). Furthermore, pedigree 
reconstruction requires to sample a large proportion of individuals for parentage inferences, 
which imposes a strong limitation on the type of study organism and system that can be 
used (i.e. most often based on “closed” island or fenced populations). Relatedness estimates 
are usually expressed as the coefficient of kinship, which corresponds most of the time to 
the expected proportion of alleles that are identical-by-descent (IBD, i.e. common ancestors) 
between relatives. This will determine the additive genetic covariance between individuals. 
It has long been proposed that genotyped markers could be used to infer relatedness 
(Coltman, 2005; Ritland, 1996). Yet, low density markers (e.g. microsatellites15) have proved 
insufficient to generate accurate estimates of relatedness (Garant & Kruuk, 2005; Thomas, 
2005). Advances in high-throughput sequencing technologies provided new solutions to 
solve this issue as it is now possible to develop and genotype thousands of molecular 
markers in any non-model species (i.e. SNPs16) for a reasonable cost (Gienapp et al., 2017; 
Jensen et al., 2014). These markers opened the possibility of getting access to the 
relatedness among all pairs of individuals in virtually any free-ranging populations. 
Moreover, when used with a sufficient number of markers, heritability estimates, based on 
                                                          
15
Microsatellites: segments of repeated DNA with a short repeat length, usually two to six nucleotides 
16
SNPS: a variation at a specific genomic position. For example at a specific position in a genome the base C 
appears in most individuals but a minority of individuals have the base A. This SNP would be the two nucleotide 





genomic relatedness matrices, may be more accurate than those provided by the pedigrees 
because they are based on realised rather than expected relatedness coefficients (Bérénos 
et al., 2014; Perrier et al., 2018; Wang, 2016). For example full-sibs will predicted to share 50 
% of their genome with a pedigree approach, while in reality, due to mendelian segregation, 
relatedness vary around an expected mean of 0.5 (Hill & Weir, 2011; Visscher et al., 2006). 
However, to date, empirical studies based on a pedigree-free quantitative genetics approach 
are still scarce (but see Bérénos et al., 2014; Perrier et al., 2018; Stanton-Geddes et al., 
2013). There is a lack of general framework to go from raw genomic data to heritability 
estimates, which participates to explain the scarcity of genomic quantitative genetics.  
g) Assessing repeatedly behaviour: the rise of biologging data 
 
There are still challenges to studying behavioural variation in free-ranging populations 
(Archard & Braithwaite 2010). Most behavioural studies, in the wild, measure behavioural 
variation by using common garden experiments such as open fields (Archard & Braithwaite, 
2010). Recent advancements in animal tracking technologies (e.g. GPS radio collars, see box 
1, Kays et al.,2015) offer the opportunity to study the direct interaction between individuals 
spatial behaviours and the selective natural environment in which these behaviours have 
been shaped (Shafer et al., 2016). The constant innovation of this technology improved the 
temporal resolution needed to assess movement behaviour. Some scientists compared the 
gained temporal resolution of movement patterns to the gain provided by high throughput 
DNA sequencing (Kays et al., 2015). Nathan et al (2008) stated that animal steps can be 





lifetime to a full genome. Despite the parallel drawn between advances in genomic and 
biologging technologies, few attempts have been made at integrating genomic data with 
biologging data. It would allow to understand the underlying mechanisms of movement 
behaviour (Shafer et al., 2016). This lack of integration might be due to the technical 
challenge, as both technologies raise issue on data management and analytical pipelines, 
and related costs.  
h) How to deal with uncontrolled conditions in the wild: the role of 
natural habitat 
 
New technologies are a significant step towards a more accessible evaluation of the 
evolutionary potential of wild populations, in particular in the context of heterogeneous 
natural habitats. This is not without challenges caused by the uncontrolled nature of 
environmental variation in the wild (Kruuk 2007). In the wild, individuals that share genes 
are susceptible to share environments (i.e. environmental similarity) because of the 
association between limited dispersal and environmental heterogeneity. Some scientists 
made statistical advances to resolve the related problems (i.e. multiple matrix animal model, 
Germain et al., 2016; Kruuk & Hadfield, 2007; Regan et al., 2017; Stopher et al., 2012; 
Thomson et al., 2018). Others proposed to keep only distant individuals in the population to 
delete covariance between genes and environments. Although the latter method has been 
widely applied in Human populations (Yang et al., 2011), it mainly remains inaccessible for 
wild animal populations given that it requires a huge number of individuals (11’000 for 





not provide an unanimous conclusion about the impact of environmental similarity on 
heritability estimates. While Stopher et al. (2012) found strong decrease in heritability 
estimates Germain et al. (2016) and Regan et al. (2017) did not find any impact on 
heritability estimates. One aspect that is rarely covered is that environmental similarity may 
be seen as a random process but it might also be the outcome of habitat choice which might 
be linked to the evolutionary potential of behaviour. Environmental similarity has been 
mainly addressed through the perspective of passive habitats whereby individuals undergo 
the effects of the environment. However all animals have the potential to choose, inherit 
and alter their environment, which might in itself have a genetic basis (Jaenike & Holt, 1991; 
Odling-Smee et al., 1996; Saltz & Nuzhdin, 2014). Hence, it brings us to the question of the 
complex role of the habitat in the evolutionary dynamics of wild populations. Collectively, 
environmental similarity and habitat choice are still poorly investigated in quantitative 
genetic approaches conducted in wild populations. This is certainly due to the difficulty of 
combining relatedness information with fine-habitat description. To advance on this aspect, 
the combination of biologging technologies with the quantitative genetics framework is a 






4. Aims : 
 
One aim of my PhD was to provide an extended quantitative genetic framework combining 
high throughput data technologies, in the wild, to get reliable estimates of evolutionary 
potential of behaviour. By using genomic relatedness and biologging data to get a realistic 
view of evolutionary mechanisms in the wild, this PhD work aimed at taking into account 
some complex genetic and environmental effects. Addressing the complex mechanisms 
underlying quantitative genetic of behaviour in the wild, so as to understand the capacity of 
populations to deal with environmental changes, is the fundamental aim of this PhD work. 
The integration of movement behaviour in the quantitative genetics framework opens the 
gate for a new evaluation of the role of environment in evolutionary dynamics. It paves the 
way for more quantitative genetics studies on virtually any specie assessed in the natural 
environment in which they evolved.  
I have subdivided my thesis in four questions: 
1. How to assess the evolutionary potential of non model organisms species in the 
wild in the absence of a pedigree? 
2.  Do individuals have the potential to respond to environmental changes 
through microevolutionary changes in behaviour? Do behaviours form a 
behavioural syndrome that is susceptible to constrain or speed up 
microevolutionary changes?  






4. Do individuals express the same degree of behavioural plasticity in response to 
environmental heterogeneity? 
Collectively, these objectives might help to have an integrative view of the multilevel 
hierarchical variations of behaviour that are all susceptible to interact with micro 
evolutionary changes. They will help to improve our understanding of the interaction 
between genes and the environment in the wild. It has implications when assessing 
evolutionary potential of population. It also raises questions about the mechanisms that 
might be responsible for the maintenance of evolutionary potential in wild populations.  
5. Biological model: ”why the roe deer?” 
 
To answer these questions we focused on the European roe deer, the most widespread and 
abundant ungulate in Western Europe (Andersen et al., 1998). Roe deer is a forest-dwelling 
species but has been confronted to human-induced rapid environmental changes. Since the 
mid-twentieth century, roe deer has colonized novel environments thanks to the decrease in 
natural predators, habitat fragmentation and high-ecological “plasticity”. By now, roe deer 
are found in very contrasting habitats from woodland, to steppes, including meadows or 
agricultural plains (Hewison et al., 2001). Despite its confrontation to HIREC, roe deer have 
known a fast demographic expansion with more than 15 millions of individuals in Europe and 
1.5 millions in France. The fast demographic expansion of roe deer translated into a resource 
of economic value with more than 590 000 deers hunted per year in France (ONCFS, 2017-





million euros compensation since 2000, Carnis & Facchini 2012) and material damages (16 
000 car collisions per year in France with a cost of 15 million euros/year in France). 
Furthermore, its close proximity to humans and domestic fauna raises numerous questions 
about pathogens transmission and other sanitary issues 
My thesis focused on a French roe deer populations found in highly fragmented landscapes 
dominated by humans composed of woodland, meadow and agricultural plain (Hewison et 
al., 2001). Roe deer appears to perform better in agricultural landscape than in its 
considered natural habitats (i.e. woodland). Indeed, roe deer of open habitats have a larger 
body mass than in forest habitat, due to higher quality of food resources. It is at the cost of 
higher human-disturbance (e.g. agricultural activities) and risk (e.g. hunting, road traffic 
accidents) (Hewison et al., 2009) leading to baseline stress-level response (Carbillet et al., 
under review). Hence this roe deer population has to cope with environmental heterogeneity 
which is susceptible to fluctuate due to human activities. Although roe deer seems to cope 
well with human-induced rapid environmental changes and is described as a successful 
species (Andersen et al., 1998), it is important to understand the mechanisms that make it 







Box.5 The European roe deer  
 
The roe deer (Capreolus capreolus) belongs to the Artiodactyla order and to the Cervidae family. The genus 
Capreolus is composed of two species, the Siberian deer (Capreolus pygargus) and the European roe deer 
(Capreolus capreolus). The European roe deer are the most widespread and abundant ungulate in Western 
Europe (Andersen et al., 1998, see figure B below), such as it is considered as a species of “least concern” 
(Lovari., et al 2016, Red list IUCN). It is a small-sized cervid (body size of 60-80 cm; adult weight of 20-25 kg) 
that have low sexual dimorphism (see picture A below), with males being in general 10% heavier than 
females and a low level of polygyny (less than 3 females mated by a given male in a given year, Vanpé et al., 
2009). They can live up to 18 years (Loison et al., 1999) and are iteroparous (i.e. one reproductive event by 
year, as early as 2 years old). Roe deer is a generalist herbivore which feed on various plant species such as 
crop plants, deciduous trees, shrubs, conifers, grass, etc. (Andersen et al., 1998). It is mainly a solitary 
species, living alone or in small groups although it might reach 200 individuals in large plains.  
 
A -Picture of a male and female roe deer (©Bruno Lourtet) B - Geographical range of the European roe 
deer. Map exported from the IUCN red list threatened species – Version 2019-3. The orange represents the 







Box 5. (continued)  
 
In our study population, roe deer live at the rhythm of hunting that occur from mid-September to mid-March. 
Just before hunting it is the the rut or reproduction season that occur from July to August but the parturition 
occurs only between May and June of the next year due to the embryonic implantations delayed by five 
months (i.e. embryonic diapauses). From its births until its eight months the fawn stays with its mothers. All 
juveniles become independent on average after the age of eight month yet only one third of the juveniles, 
regardless of the sex, disperse. Dispersers may travel long distance in average 12.3±10.5 km in our study 
system (Debeffe et al., 2012). During this phase of emancipation, roe deer choose a habitat (i.e. home-rang 
establishment) that it will keep for the rest of its life as roe deer is a sedentary species. Indeed, roe deer 
actively choose its habitat at a fine-scale, generally so as to limit exposure to risk and disturbance. 
Furthermore, roe deer exhibits a high spatial fidelity spending most of their time in less than 50 ha in forest 
habitat (Hewison et al., 1998) and around 100 ha in open habitats. In other words, once roe deer home range 
is established it won’t change anymore at the exception of sub-seasonal utilisation of home-range (Couriot et 
al., 2018) and reproductive excursion (Debeffe et al., 2014). Thus, the selection of a home-range is a crucial 
step that will determine the local selective pressures for the rest of an individual life. Conversely to females 
males are highly territorial nearly half of the year, from March to August. 
 
Simplified biological life cycle of roe deer – Orange represents the hunting season- Blue represents the 
parturition season – Green represents the reproduction season. Dashed line delimit the territorial and none 
territorial season for males.  
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“Our study illustrates the huge potential of genomic-based relatedness for 
estimating quantitative genetic parameters in free-ranging populations. We 
showed that robust heritability estimates can be obtained from RAD-seq data 
in populations or species for which no genomic resources are available.” 
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Estimating the evolutionary potential of quantitative traits in wild populations is an 
important challenge in evolutionary biology that requires to infer relatedness among 
individuals. Advances in high‐throughput sequencing technology have opened up the 
possibility of gaining access to the realized proportion of the genome that is shared among 
individuals. Particularly reduced genome representation (e.g. RAD-seq) offers great 
opportunities. It is accessible for relatively low costs. It is valuable for organisms without 
prior genomic information. It can provide thousands of markers (SNPs) and has a high 
flexibility in terms of experimental design. Yet, it comes at the cost of methodological 
challenges. Critical bioinformatic processes are required to reconstruct markers de novo (i.e. 
without a reference genome). A RAD-seq approach is believed to bias relatedness estimates 
because of allele’s dropout and the high proportion of missing data, which may impede 
ultimately the measurement of evolutionary potential estimates. Allele’s dropout and 
missing data are critical parameters influencing continuously the analytic process of genomic 
data, from raw genomic data exploration to first heritability estimates. Yet no practical 
framework has been proposed to help with the critical decisions that must be taken during 
the analytic process and might affect relatedness estimates and ultimately heritability 
estimates. In this paper, we developed a practical framework to help scientists face the 
multiple critical choices offered to them when inferring trait genetic variance estimates from 
genomic data (see figure 1 below).  
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Figure 1. Practical framework with steps for estimating a GRM‐based heritability from 
RAD‐seq data.  
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We tested the RAD-seq method on a free-ranging roe deer population of 249 individuals. We 
used replicated pairs of individuals to parameterize our marker reconstruction decisions by 
acting on the tradeoffs quality/quantity of markers. We showed that the “RAD-sequencing 
strategy” is a critical step that will have a domino effect on the estimation of relatedness and 
ultimately heritability estimates. At this step, if a high depth of coverage is preferred, it will 
provide reliable estimates of relatedness regardless of the bioinformatic choices made 
during the following steps (step “Denovo reconstruction of loci and SNP calling”; “Quality 
filtering”). A minimum 7000-8000 markers were required to provide a stable measurement 
of heritability estimates.  
We demonstrated that (i) we had very low error rates between replicated pairs, (ii) our 
relatedness estimates were close to known field relationships, and that (iii) heritability 
estimates were coherent with those in the literature about ungulates. In conclusion, we 
demonstrated that RAD-seq can provide accurate measurements of relatedness despite a 
percentage of missing data and allele’s dropout. This opens up new opportunities in 
evolutionary biology to explore how the evolutionary potential of morphological, 
behavioural or life‐history traits varies across space or time in virtually any species (Gienapp 
et al., 2017). Since our paper was been published, the roe deer reference genome was 
rendered available (De Jong et al., in press). It offers great opportunities to go further than 
heritability estimates and explore the genetic architecture of phenotypic variations by 
identifying some SNP association (i.e. Genome Wide Association Studies - GWAS Bush & 
Moore, 2012; Santure & Garant, 2018).  
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Chapter 2: Do individuals have the 
potential to respond to environmental 
changes through microevolutionary 
changes in behaviour? 
 
“By combining intensive biologging technology and genome-wide data we 
provided the empirical demonstration of substantial heritability and 
evolvability in movement and space-use behaviour related to the management 
of the risk/resource trade-off. “- Figure realised by Erwan Quéméré  
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Synthesis and extra-analyses 
 
Assessing the evolutionary potential of animal populations in the wild is crucial to 
understanding how they may respond to selection mediated by rapid environmental change 
(e.g. habitat loss and fragmentation). A change in behaviour can be one of the first 
responses to environmental heterogeneity. The persistence of wild populations relies partly 
on the behavioural response developed to manage the risk avoidance (i.e. car collision, 
hunting, predation etc.) resource acquisition trade-off (Sih, 1980). Individuals may respond 
to spatio-temporal heterogeneity, and thus to risk avoidance-resource acquisition trade-off, 
by altering their movement behaviour which ultimately results in different space-use (or 
habitat-use). Hence, to understand the ability of wild populations to persist when 
confronted with environmental changes, there is a need to understand the mechanisms 
underlying movement and space-use behaviour. While some studies described the genetic 
basis of dispersal and migration behaviour, less is known about routine movement behaviour 
that drives most space-use behaviour. This might certainly be due to the difficulty to 
combine spatial behaviour data with genetic data in a given population. In chapter 1, I 
demonstrated that it is now possible to assess trait genetic variance and discuss the 
population evolutionary potential without the need for prior genomic information or 
multigenerational pedigree. In this chapter we combined the roe deer genome-wide data 
that we analysed before, with individual spatial locations recorded by using biologging 
technologies (see figure 1 below for a geographical representation). The aim was to 
understand if movement and space-use behaviour are susceptible to evolve in a wild roe 
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deer population. This population inhabits a human-dominated landscape that has been 
extensively modified by human activities (e.g. agricultural practice, infrastructures) such that 
high quality foraging resources occur in locations where human disturbance is also high. 
Hence, roe deer must trade-off acquisition of high-quality resources against risk avoidance 
(Bonnot et al., 2015). 
We assessed two space-use behaviours (i.e. probability of being in open habitats (POH) and 
distance to roads during daytime) and one movement behaviour (i.e. daily average speed) 
that are linked to the risk avoidance-resources acquisition trade-off. By using linear-mixed 
models in association with Genomic-Relatedness-Matrix, we found that among-individual 
variation in space-use and movement behaviour (from 29% to 62%) was partly explained by 
additive genetic variation. Indeed, heritability ranged from 21±8% to 70±11% and 
evolvability ranged from 1.1±0.2% to 2.4±0.9%. Hence, changes in the trait mean can occur 
under hypothetical directional selection over just a few generations. More details can be 
found in my second PhD article, published online in the Journal of Evolutionary Biology 
(Gervais et al., 2020). This “in press” manuscript is part of this chapter and can be found at 
the end of this synthesis.  
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Figure 1 – Satellite view of the study site (Aurignac) with the distribution of the genotyped 
and monitored roe deer. Each red point corresponds to the average spatial location of a 
roe deer over its lifetime.  
To go further:  
The realisation of the genetic potential for evolutionary change reflected by the genetic 
variation for fitness related traits is likely to be constrained by several biological mechanisms 
in the wild (Pujol et al., 2018). The rate and the direction of evolutionary change are not only 
conditioned by the additive genetic variation. They are also determined by the magnitude of 
phenotypic and genetic co-variations between traits. Indeed correlations between traits 
might constrain or speed up evolutionary change. It is now widely acknowledged that similar 
patterns of among-individual co-variation between behaviours are repeatedly found and 
they are named behavioural syndromes (Dingemanse et al., 2012). Yet all too often only the 
overall phenotypic correlations between behaviours are assessed without decomposing 
among- and within-individual correlation, while behavioural syndrome concern only among-
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individual covariation. In most cases, the Cheverud conjecture is applied; it states that 
phenotypic correlation is a good predictor of genetic correlation (Cheverud, 1988). Indeed, 
Dochtermann, (2011) demonstrated that behavioural correlations at the level of the 
phenotype were a good predictor of additive genetic correlations (r=0.87, Dochtermann, 
2011). Yet it remains necessary to decompose among-individual covariations as they may 
result from pleiotropic genetic or environmental effects that may have distinct effects on the 
evolutionary dynamics. In a recent meta-analysis, Dochtermann & Dingemanse, (2013) 
demonstrated that behavioural syndromes, if based upon genetic correlations, might reduce 
the evolutionary response by 33% (i.e. the degree to which behavioural correlations might 
reduce evolutionary responses in comparison to a scenario where all correlations were zero). 
Thus, when assessing the evolutionary potential of behaviour, there is a need to investigate 
if a behavioural syndrome exists and might be likely to change the predicted evolutionary 
potential.  
We therefore tested if:   
(i) There was a behavioural syndrome between space-use and movement behaviour 
at the phenotypic level, by decomposing phenotypic covariations into among- and within-
individual covariations 
  (ii) There were genetic covariations between space-use and movement behaviours, 
by decomposing among-individual covariations into additive genetic and permanent 
environmental covariations.   
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We used the same space-use and movement behaviour data than above (and in the 
manuscript at the end of this chapter). The only difference is that we used the inverse of the 
distance to roads to assess the proximity to roads during daytime because it facilitates the 
interpretation. Additionally, we calculated the mensual home range size (in ha), with the 
kernel 90% method (Börger et al., 2006) which provides a general indication of the routine 
movement realised each month. We used bivariate linear-mixed-models with REML 
methods, first to decompose phenotypic covariations into among- and within-individual 
covariations, and second to decompose among-individual covariations into additive genetic 
and permanent environmental covariations. As a result, we built a matrix of among- and 
within-individual variance-covariance between space-use and movement behaviours. To 
facilitate the interpretation of covariance estimates, we re-scaled it as a correlation 
coefficient as following:  
   
       
          
 
Where COVI1,2 represents the among-individual covariation between trait 1 and trait 2, VI1 
and VI2 represents the among-individual variation in trait 1 and 2 respectively. We also 
calculated within-individual covariation (rW) (i.e. within-individual and measurement error 
covariation), as above, by replacing the variance and covariance components, but this time 
at the within-individual level (VW and COVw). We did the same procedure for the additive 
genetic correlation (rG) and permanent environmental correlation (rPE). We tested the 
significance of each correlation, by fixing the focal covariance to zero and comparing it with 
an unconstrained model (i.e. model free to estimate the correlation). We used a LRT-test to 
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check whether twice the log-likelihood difference between the unconstrained and the 
constrained models followed a chi-squared distribution with one degree of freedom.   
All analyses were run on ASREML-R v4.00 (Butler et al., 2009). After inspecting the 
distributions of residuals for the models, we decided to log-transform the traits with 
continuous distributions to meet the assumptions of homoscedasticity and multi-normality 
of residuals (with the exception of POH that already had normally distributed residuals and 
proximity to roads that was log (x+1) transformed). We removed individuals with more than 
90% of refuge surface in their home range. We ran the analyses with the same fixed effects 
(see details in the manuscript ‘in press’ for JEB at the end of chapter 2): age-class, sex, 
month, the two way interaction between sex and month, and year.  
We revealed the existence of a behavioural syndrome between space-use and movement 
behaviour in roe deer, with among-individual correlation ranging from -0.443 to 0.204. 
Furthermore, our results revealed that genetic correlations partly underlay behavioural 
syndromes, with correlations varying from -0.962 to 0.893. Behavioural syndromes might 
therefore generate some evolutionary constraints but caution must be taken at this early 
stage of investigation. This remains to be investigated further. 
Existence of a behavioural syndrome between space-use and movement behaviour:   
We found significant among-individual covariations between all space-use and movement 
behaviours, except between home-range size and daily average speed (see table 1). Our 
results indicate that there is a behavioural syndrome in the roe deer population linking 
movement and space-use behaviour. Indeed, deer that were more often located in open 
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habitats and found closer to roads during daytime had lower daily average speed and larger 
home-range size. It is not surprising that home range size correlates with space-use 
behaviour. Home range size is known to depend on the habitat structure (Ofstad et al., 2016; 
Tufto et al., 1996, van Beest et al 2011) and space-use depends on the current available 
habitat. 
Table 1. Estimates of among-individual variance (VI) on the diagonal of the matrix, among-
individual covariance (COVI) between traits below the diagonal, and among-individual 
correlation (rI) between traits above the diagonal, and their associated standard errors 
between parentheses. Significance of rI was assessed with a LRT test (Chi-square statistic χ² 
and p-value P with one degree of freedom). In bold are the estimates with a significant LRT 
test.  
 
The negative correlation found between POH and daily average speed potentially confirms 
the presence of a behavioural trade-off because differences of speed between individuals 
might be due to differences in the exploitation of resources. In our study system, open 
habitats are nutritiously richer but are associated with higher human-disturbance (e.g. 
agricultural activities) and risk (e.g. hunting, road traffic accidents) than wooded habitats 
(Hewison et al., 2009). One hypothesis is that individuals that are more frequently observed 
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in open habitats have to move less to satisfy their energy requirement because the food is 
qualitatively and quantitatively more important in open habitats. Thus, our results indirectly 
suggest that individuals do not resolve the risk avoidance-resource acquisition trade-off 
(Lima & Dill, 1990), in the same manner. This is in line with the results of Monestier (2016, 
unpublished results) who demonstrated the existence of this trade-off in the roe deer 
population but not at the level of among-individual correlations (i.e. at the level of overall 
correlations).The latter is necessary to assess the trade-off within the population. Otherwise, 
it might not be representative because of within-individual correlations. 
Risk avoidance-resource acquisition trade-off is known to temporally fluctuate because open 
habitats are not always highly nutritional across the different periods of the year (Abbas et 
al., 2011). The presence of risk also varies over the year (e.g. hunting seasons), and so does 
the energetic demand of individuals. In line with this hypothesis of temporal fluctuations in 
the trade-off intensity, we found significant within-individual covariation. The increase in 
daily average speed was covarying with the increase in home range size and the decrease in 
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Table 2. Estimates of within-individual variance (VW) on the diagonal of the matrix, within-individual 
covariance (COVW) between traits below the diagonal, and within-individual correlation (rW) between 
traits above the matrix diagonal, with their associated standard errors between parentheses. 
Significance of rW was assessed with a LRT test (Chi-square statistic χ² and p-value P with one degree 
of freedom). In bold are the estimates with a significant LRT test.  

















Daily average speed 
-0.082(0.012) -0.029 (0.012) 0.490(0.019) 
0.123 (0.028) 
ᵡ²=18.707,P<0.0001 








This fluctuation might be due to a factor that varies within individuals (Dingemanse et al., 
2012) such as, for example, energetic needs. There is a need to investigate the fluctuation of 
among-individual and within-individual correlations to better understand if this fluctuation 
can be linked to resource acquisition. Indeed, correlations might change in signs and 
magnitudes across environments and contexts (Sgrò & Hoffmann, 2004). For example in 
three-spined sticklebacks, among-individual correlations among behaviours were significant 
only under high predation risk (Dingemanse et al., 2010). Understanding how individuals 
cope with the risk-avoidance resource acquisition trade-off and its underlying mechanisms is 
crucial to understand the persistence of wild populations in a human-dominated landscape.  
Additive genetic correlation may underlie behavioural syndrome  
We found that among-individual correlations between behavioural traits might be explained 
by additive genetic correlations. We found four out of six significant genetic correlations 
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between the different space-use and movement behaviours (see table 3). Genetic 
correlations had the same sign but a higher magnitude than phenotypic correlations, 
however with larger standard error around the estimates. Genetic correlation between 
behavioural traits ranged from -0.962 to 0.545, which is in line with Van Oers et al., (2005) 
and Moretz et al., (2007) who found genetic correlations between behaviours going from 0.4 
to 0.9 (absolute values).  
Table 3. Estimates of additive genetic variance (VA) on the diagonal of the matrix with additive 
genetic covariances (COVA) between traits below the diagonal and genetic correlations (rG) between 
traits above the matrix diagonal, with their associated standard errors between parentheses. 
Significance of rG was assessed with a LRT test (Chi-square statistic χ² and p-value P with one degree 
of freedom). In bold are the estimates with a significant LRT test. 


































Our results demonstrated that home-range size, POH and daily average speed are genetically 
correlated. The presence of significant a negative genetic covariation between POH and daily 
average speed indicates that the previously discussed behavioural trade-off might be an 
evolutionary trade-off. Our results indicate the potential for space-use and movement 
behaviour to evolve possibly through correlational selection. Genetic correlation may arise 
from different mechanisms (i.e. pleiotropy, linkage disequilibrium) which may have different 
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evolutionary implications. Linkage disequilibrium might be broken by selection in contrast to 
genetic pleiotropy. Indeed, for example recombination might break up the associations 
between alleles at linked loci and thus, ultimately reduce genetic correlations. With the rise 
of genomic technologies the investigation of such mechanisms (i.e. genetic pleiotropy, 
linkage disequilibrium) will become more accessible in wild populations (Bengston, 2018). 
Although we found significant genetic covariation between traits there was a lot of 
incertitude around the estimates that is undeniably due to a lack statistical power. Correctly 
quantifying genetic covariations that underlie among-individual covariations requires large 
sample size (Kruuk, 2004). We do not known how much individuals are required to 
investigate genetic correlations with a genomic relatedness approach. Perrier et al., (2018) 
demonstrated that with a genomic relatedness approach, it was not possible to detect 
significant genetic correlations with approximately 500 individuals. Yet statistical power is 
very dependent of variance in relatedness, the additive genetic variance in the traits and the 
total number of observations (repeated data included). Hence, there is a need to develop 
appropriate tools to investigate the statistical power of pedigree-free approaches in 
quantitative genetics.  
No permanent environmental covariation between space-use and movement behaviour 
Surprisingly we found no significant permanent environmental covariation between space-
use and movement behaviours, the only exception was for POH and proximity to roads (see 
table 4). Interestingly, we expected high permanent environmental covariation between 
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space-use and movement behaviour because they rely on the habitat composition and are 
expected to be stable through life in a sedentary species such as the roe deer. 
Because roe deer is highly sedentary, habitat use during adulthood is strongly constrained by 
habitat choice. Yet if habitat choice has a genetic basis, individuals that share genes will also 
share a common environment and it may be hard to distinguish additive genetic from 
permanent environmental covariations. Hence, further studies are needed in this population 
to investigate how habitat composition may be at play in evolutionary dynamics  
Table 4. Estimates of permanent environmental variance (VPE) on the diagonal of the matrix with 
permanent environmental covariances (COVPE) between traits below the diagonal, and permanent 
environmental correlations (rPE) between traits above the matrix diagonal, with their associated 
standard errors between parentheses. Significance of rPE was assessed with a LRT test (Chi-square 
statistic χ² and p-value P with one degree of freedom). In bold are the estimates with a significant LRT 
test. 

































Quantitative genetic approaches conducted on movement and space-use have the potential 
to greatly contribute to our understanding of the ability of populations to cope with global 
changes because it is one of the direct responses of individuals to environmental 
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heterogeneity. We demonstrated that roe deer have the potential to respond to selection. 
Particularly that space-use and movement behaviours, implied in the risk-avoidance 
resource acquisition trade-off, have the ability to evolve in response to selection. Our results 
also suggest that the behavioural syndrome might have the potential to constrain these 
evolutionary responses because of negative genetic correlations between traits. They also 
point out the need to question the overlap between genetic and environmental effects at 
the basis of trait variation. This sheds light on the importance to carry out multi-trait surveys.  
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Chapter 3: How the environmental 
similarity between relatives influence 
the evolutionary potential?  
Manuscript in prep and extra-analysis 
Photo credit: Bruno Lourtet  
 
“We demonstrated that environmental heterogeneity plays a key important role in 
maintaining among-individual differences both for behavioural and morphological traits. 
Individuals with different genotypes consistently differed in their habitat composition, which 
makes it difficult to distinguish genetic and environmental causes of phenotypic 
resemblances between relatives. Evolutionary potential of habitat composition is an 
overlooked mechanism that might be responsible for adaptation under global changes. “  




Synthesis and extra analyses  
 
Quantitative genetics draws a focus on quantifying the genetic and environmental 
components of phenotypic variation in order to better understand the evolutionary 
potential of wild populations. In chapter 2, we integrated genome-wide data and biologging 
technologies in a quantitative genetics framework. This allowed us to show that space-use 
and movement behaviour of a wild roe deer populations exhibit substantial levels of additive 
genetic variation and thus, have the potential to evolve in response to selection. Assessing 
the evolutionary potential of wild populations in uncontrolled conditions might nevertheless 
require more precise accounting of environmental effects. Phenotypic resemblance between 
relatives that is not due to genetic effects (Kruuk et al 2007) might upward bias estimate of 
evolutionary potential. In our study system in the wild, it is very likely that relatives shared 
to some extent the same environment charecteristics because of limited natal dispersal, 
which might result in environmental similarity as source of non-genetic phenotypic 
ressemblance. Previous estimates of heritability might be therefore upward biased.  
There is a growing awareness of the need to incorporate environmental similarity 
information in quantitative genetic linear mixed models (Germain et al., 2016; Regan et al., 
2017; Stopher et al., 2012; Thomson et al., 2018). However, accouting for environmental 
similarity as non-genetic source of phenotypic resemblance in animal model, implicitly 
excludes the possibility that environmental similarity might be the outcome of habitat choice 
that itself may have a genetic basis. Yet, it is well known that most animal have the potential 
to choose, inherit and alter their environment (Odling-Smee et al., 1996). While there is an 
increasing body of literature investigating among-individual variations in habitat choice 
(Hertel et al., 2019; Kobler et al., 2011; Leclerc et al., 2016; Pearish et al., 2013), the 




underlying mechanisms are poorly understood. Habitat choice is supposed to rely on both 
genes and environments, yet as far as we know no study investigated the evolutionary 
potential of habitat choice in wild populations. However, mechanisms underlying habitat 
choice may have strong repercussions on the distinction between genetic and environmental 
variations of phenotypic traits. Indeed habitat choice will determine the selective pressures 
that individuals will face and it might have long-lasting effects on the whole phenotype. If 
habitat choice have a genetic basis and covariate with others phenotypic traits, the 
integration, in animal model, of environmental similarity as a non-genetic source of 
phenotypic resemblance might bias the estimates of evolutionary potential.   
In this study, we combined genome-wide data, biologging data and fine description of 
habitat composition in a quantitative genetics framework to investigate the influence of 
habitat choice on the evolutionary potential of several fitness-related traits. The roe deer 
under study are known to actively choose their environment at multiple temporal and 
spatial scales (Couriot et al., 2018; Padié et al., 2015; Morellet et al., 2011). We used two 
approaches to consider habitat choice:  
(i) We considered habitat composition (percentage of meadows, refuges, human 
infrastructures and environmental heterogeneity within home ranges), the outcome of 
habitat choice, as part of an individual phenotype by assessing the genetic variance and 
heritability of habitat composition.  
(ii) We considered habitat composition blurring the evolutionary potential of phenotypes by 
assessing how similarity in habitat composition (i.e. environmental similarity) between 
relatives may impede evolutionary potential of morphological traits (i.e. body mass, hind 
foot length), space-use (probability of being in open habitats and distance to roads during 




daytime, here after POH and distance to roads) and movement (i.e. daily average speed, 
home range size) behavioural traits. 
We demonstrated that the habitat compositions shows consistent among-individual 
variation which is genetically based, with high heritability ranging from to 0.43±0.13 to 
0.54±0.11. Furthermore, we demonstrated that genetic and environmental similarities are 
both spatially autocorrelated. Collectively this suggests the presence of a genotype-
environment correlation (i.e. genetic influence on exposure to environments in contrast to 
genotype-environment interaction: genetic influence on response to environment, Plomin, 
2014). In parallel we demonstrated that taking into account environmental similarity when 
calculating heritability does not have the same impact according to categories of phenotypic 
traits (behavioural or morphological traits). Heritability of behavioural traits disappeared 
when accounting for environmental similarity at the exception of home range size 
heritability (h²=0.15±0.15). Conversely heritabilities of morphological traits were not 
impacted by the incorporation of environmental similarity, with heritability of 0.47±0.13 
0.43±0.13 for body mass and hind foot length respectively. These results illustrate the 
complex feedback between an individual behaviour and its environment: individual 
behaviour will determine the environment which in turn may influence the behaviour. 
Furthermore, we suggested that the environment itself may be heritable. The feedback 
between behaviour and environment might therefore impede the estimation of the 
evolutionary potential of populations in terms of changes in behavioural traits if it is not 
taken into account. We think that one solution would be to investigate the correlations 
between habitat composition and behaviour with a genetic multivariate approach. More 
details can be found at the end of this synthesis in my third PhD article currently in 
preparation.  




To go further:  
We previously demonstrated, in chapter 2, that space-use and movement behaviour form a 
syndrome that might be linked to genetic covariations. However, we know nothing about the 
covariations between habitats and space-use and movement behaviour. As a preliminary 
approach, and to deepen our reflections, we investigated the genetic and environmental 
source of covariation between habitat composition and behavioural traits.  
Proposed methods:  
We used a bivariate mixed model with REML methods to decompose covariations between 
habitat composition, space-use and movement behaviour into genetic, permanent 
environmental and residual components. We obtained matrices of genetic, permanent 
environmental and residual variance-covariance, between space-use, movement behaviours 
and habitat composition. To facilitate the interpretation of the covariance, we re-scaled 
covariations in correlation coefficients as following:    
       
          
 , where COVG1,2 
represents the genetic covariation between trait 1 and trait 2, VG1 and VG2 represents the 
genetic variation in trait 1 and 2 respectively. We also calculated permanent environmental 
correlation (rPE) and within-individual correlation which corresponds to within-individual and 
measurement error covariation (rW), as below, by replacing the variance and covariance 
component for permanent environment and within-individual components respectively. We 
tested the significance of each correlation by constraining the focal correlation to zero and 
comparing it with an unconstrained model (i.e. where the estimation of the correlation 
between traits is free). Hence, we used a LRT-test to investigate if twice the difference in log-
likelihood between the unconstrained and constrained models followed a chi-squared 
distribution with one degree of freedom. All analyses were run on ASREML-R v4.00 (Butler et 




al., 2009). To allow comparison with the previously genetic and permanent environmental 
correlations found among space-use and movement behaviour, we kept the same fixed 
effect (i.e. age-class, sex, month, the two-way interaction between sex and month, and 
year). We also used the inverse of distance to roads to assess the proximity to roads metrics 
so as to facilitate interpretations.  
Preliminary results:  
We found among-individual correlations between space-use (POH, proximity to roads), 
movement behaviour (daily average speed, home range size) and habitat composition 
(percentage of meadow, refuge, human infrastructure and environmental heterogeneity 
within home range hereafter, Pmeadow, Prefuge, PHI, SIDI). Among-individual correlations 
between space-use behaviour and habitat composition were mostly attributed to genetic 
correlations and not to permanent environmental correlations. Indeed most of the rPE were 
not significant or the models had convergence issue (table 2). Genetic correlations between 
space-use and habitat composition were high, ranging from -0.952 to 0.78 between POH and 
habitat composition and ranging from 0.375 to 0.972 between proximity to roads and 
habitat composition. POH and proximity to roads were both positively genetically correlated 
to the percentage of meadow (rG= 0.518 and 0.375 respectively) and human infrastructure 
(rG=0.78 and 0.972 respectively) within home range. Two out of four models had 
convergence issue (i.e. the log-likelihood did not converge) for proximity to roads-habitat 
composition bivariate models (table 1).  
Among-individual correlation between movement behaviour (daily average speed and home 
range size) and habitat composition were mostly attributed to genetic correlations with no 
significant permanent environmental correlation. Yet there was opposite sign in the genetic 




correlations between the two metrics used to assess movement behaviour and habitat 
composition. While daily average speed was negatively genetically correlated to Pmeadow and 
SIDI (rG=-0.86 and -0.84 respectively), no significant correlation was found between home 
range size and Pmeadow (table 2). Conversely, while home range size was positively genetically 
correlated to PHI, no significant correlation was found between daily average speed and PHI. 
We also found that home range size was negatively correlated to Prefuge.  
We found significant within-individual correlation between space-use, movement behaviour 
and all habitat composition metrics. This suggests that when the percentage of meadow 
increases within an individual home range, there is also an increase in POH and proximity to 
roads and a decrease in daily average speed. We found that when an individual increased its 
home range size it was accompanied by a small decrease in Prefuge (rW=-0.08, table 3) and a 
moderate increase in environmental heterogeneity (SIDI) in its home range (rW=0.292). 
Lastly, it should be noted that the lack of significant rPE among all the bivariate models is 
certainly due to a lack of statistical power and highlight the fact that genetic correlations 






Table 1. Estimates of additive genetic variance (in the diagonal) and covariance (above diagonal) between space-use (POH, proximity to roads), movement (daily average speed, home range size) and 
habitat composition (Pmeadow, Prefuge, PHI, SIDI). Genetic correlations (rG) are reported below the diagonal with their associated standard error and LRT test (Chi-square statistics ᵡ² and pvalue P with one 
degree of freedom). In bold are the significant estimates. Convergence issue indicates that the model did not converge. Blue parts of the table indicate the variance-covariance matrix for habitat 
composition and behaviour while grey parts indicate the variance covariance matrix among behavioural traits (see synthesis chapter 2).  
Traits Meadow Refugee HI SIDI POH Proximity to roads Daily average speed Home range size 














Convergence issue Convergence issue -0.570(0.143) 
ᵡ²=11.852,P=0.0005 










SIDI 0.221(0.097) -0.403(0.096) 0.389(0.097) 0.463(0.1356) 0.881(0.147) 
ᵡ²=20.39,P<0.0001 


































Table 2. Estimates of permanent environmental variance (in the diagonal) and covariance (above diagonal) between space-use (POH, proximity to roads), movement (daily average speed, home 
range size) and habitat composition (Pmeadow, Prefuge, PHI, SIDI). Permanent environmental correlations (rPE) are reported below the diagonal with their associated standard error and LRT test (Chi-square 
statistics ᵡ²and pvalue P with one degree of freedom). In bold are the significant estimates. Convergence issue indicates that the model did not converge. Blue parts of the table indicate the variance-
covariance matrix for habitat composition and behaviour while grey parts indicate the variance covariance matrix among behavioural traits (see synthesis chapter 2).  
Traits Meadow Refugee HI SIDI POH Proximity to roads Daily average speed Home range size 


















Convergence issue Convergence issue 0.421(1.710) 
ᵡ²=0.148,P=0.700 










SIDI 0.065(0.079) 0.010(0.067) -0.097(0.068) 0.265(0.111) -0.120(0.330) 
ᵡ²=0.175,P=0.675 














Daily average speed 0.076(0.065) Convergence issue 0.014(0.053) 0.061(0.059) 0.049(0.046) 0.072(0.054) 0.066(0.059) 0.805(0.683) 
ᵡ²=1.860,P=0.173 












Table 3. Estimates of within-individual variance (in the diagonal) and covariance (above diagonal) between space-use (POH, proximity to roads), movement (daily average speed, home range size) 
and habitat composition (Pmeadow, Prefuge, PHI, SIDI). Within-individual correlations (rW) are reported below the diagonal with their associated standard error and LRT test (Chi-square statistics ᵡ² 
and pvalue P with one degree of freedom). In bold are the significant estimates. Convergence issue indicates that the model did not converge. Blue parts of the table indicate the variance-covariance 
matrix for habitat composition and behaviour while grey parts indicate the variance covariance matrix among behavioural traits (See synthesis chapter 2).  
Traits Meadow Refugee HI SIDI POH Proximity to roads Daily average 
speed 
Home range size 




















Convergence issue Convergence issue -0.080(0.023) 
ᵡ²=11.821,P=0.0005 












SIDI 0.056(0.005) -0.050(0.004) 0.051(0.007) 0.288(0.009) 0.139(0.023) 
ᵡ²=35.921,P<0.0001 












Proximity to roads 0.042(0.007) Convergence 
issue 












-0.015(0.010) -0.082(0.012) -0.029 (0.012) 0.490(0.019) 0.123 (0.028) 
ᵡ²=18.707,P<0.0001 









First thoughts on these preliminary results:  
We demonstrated that the association between habitat composition and behaviour is 
mediated by genetic correlations. This is not surprising because space-use and movement 
behaviours are highly dependent of the surrounding environment. To understand whether 
this conclusion can be generalized to every behavioural trait, it would be necessary to 
extend this approach to non-spatially dependent behavioural traits (e.g. reactivity facing 
stress events, vigilance behaviour, flight initiation distance behaviour, etc.). We 
demonstrated that habitat composition had a genetic basis, that space-use behaviour had a 
genetic basis, and that both are highly genetically correlated. Our space-use metrics 
correspond to the use of different habitats during daytime, which is dependent of the 
habitat composition within the home range. Collectively, these findings suggest the 
existence of genetic variation for habitat choice at the scale of the home range. Roe deer 
are known to actively choose their habitat at the age of nearly one. This choice will 
determine the selective pressures that individuals will face. It might have long-lasting effects 
on the whole phenotype because roe deer is a sedentary species (Hewison et al., 1998). Yet, 
no significant permanent environmental correlation has been identified, which might be due 
to a lack of statistical power to distinguish between genetic and environmental correlation. 
It may also be due to the difficulty to distinguish between genetic and environmental effects 
if the environment itself is heritable.  
These findings shed light on the downward bias introduced in the estimation of evolutionary 
potential of spatial behaviour when accounting for environmental similarity as a non-genetic 
source of phenotypic resemblance between individuals. The only exception was for the 
estimate of the home range heritability, which decreased but did not disappear after 
accounting for environmental similarity. Interestingly, we found no significant genetic 




correlation between the environmental heterogeneity within home range (SIDI) and home 
range size. This may partly explain why the heritability estimate did not completely 
disappear after accounting for environmental similarity, in contrast with other behavioural 
traits. 
In this supplementary analysis, we only tested genetic correlations between behaviours and 
habitat composition. We demonstrated in the manuscript of chapter 3 that morphological 
and habitat compositions may also be correlated. We made the hypothesis that 
morphological trait, for which additive genetic variance was stable when accounting for 
environmental similarity, were not genetically correlated with habitat composition. We also 
made the hypothesis of a permanent environmental correlation between morphological 
traits and habitat composition because morphological traits are known to be influenced by 
landscape heterogeneity (Hewison et al., 2009). This obviously requires further investigation 
and thoughts, and more importantly much more individuals to have the statistical power to 
assess genetic correlations between morphological traits and habitat compositions.  
Genetic variation underlying habitat composition can contribute to genetic variations in 
traits that are phenotypically plastic (e.g. physiology, life history traits, and morphological 
traits). The heritability of phenotypically plastic traits might be influenced by the genetic 
variation for habitat composition. By extension when there is more than one trait influenced 
by habitat composition, phenotypic plastic traits are expected to covary across genotypes. 
There might thus be genetic correlations among them. While there is an increasing body of 
literature investigating the co-evolution between behaviour, morphology and life history 
(a.k.a Pace-Of-Life-Syndromes (POLS), Réale et al., 2010), studies investigating the 
underlying genetic vs environmental mechanisms are scarce (Careau et al., 2011; Niemela et 




al., 2013). We suggest that there is a need to extend the POLS to incorporate habitats in 
order to better understand its underlying mechanisms. 
Conclusion:  
Correctly discerning genetic from environmental variation is a complex task in wild 
populations where individuals are susceptible to share environments and have the ability to 
choose their environment. We argue that approaches to partition genetic and 
environmental effects need more caution as the individual’s environment itself may have a 
genetic basis. We would like to stress that the existence of a genotype-environment 
correlation need to be carefully investigated as it may complicate the interpretation of 
quantitative genetic results in wild populations (Briley et al., 2019). With the rise of new 
genomic sequencing technologies, it is now possible to assess relatedness coefficients even 
among ‘unrelated’ individuals that are not from the same family but share genes that are 
identical. Investigating quantitative genetics by considering only ‘unrelated’ individuals 
might help to disentangle the environment from the genetic effects, in the presence of 
naturally occurring genotype-environment correlations.   
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Introduction 
Environmental heterogeneity, either spatial or temporal, plays a major role in shaping 
ecological and evolutionary processes. While heterogeneity is the norm in natural 
environment, it may also be the consequences of human disturbance. Hence, how 
organisms interact with the environmental heterogeneity is of fundamental importance to 
understand the ability of population to persist facing environmental changes. The suite of 
resources (food, shelter) and environmental conditions (biotic, abiotic) individuals will use 
will determine the presence, survival and reproduction of a population (i.e. habitat). Hence 
it may affect predation risk, physiological stress, competitive interactions, foraging success, 
individual growth and reproduction, survival probability (Hutchings et al., 2000) and thus the 
whole individual phenotypes. The interactions between individuals and environmental 
heterogeneity have been widely investigated in ecology for example, through the 
understanding of habitat-performance relationship (Gaillard et al., 2010) or the 
understanding of the management of trade-offs emerged from environmental 
heterogeneity (e.g. risk avoidance-resource acquisition, Gallagher et al., 2017; Lima and Dill, 
1990). Interactions between individuals and environmental heterogeneity have also been 




widely investigated in evolution to understand the origin and the maintenance of 
phenotypic and genetic diversity (Ewing, 1979; Hedrick, 1986; Hedrick et al., 1976). 
Environmental heterogeneity is central to understand how individuals adapt to changing 
environments, and thus to understand the evolutionary potential of populations (i.e. the 
capacity of population to evolve in response to environmental changes).  
 
When studying the evolutionary potential of wild populations, a few studies have 
considered environment as the result of an individual’s choice, yet all animals have the 
potential to choose, inherit and alter their environment (Odling-Smee et al., 1996). Habitat 
choice determines the environments in which an individual settles, which in turn influences 
individual phenotypes, individual fitness, and the strength of natural selection on the traits 
(Bolnick and Otto, 2013; Brown, 1990; Edelaar and Bolnick, 2012; Laland et al., 1999). While 
there is a strong body of literature on habitat choice, the mechanisms shaping among-
individual differences in habitat choice, in wild populations, are poorly understood. Several 
non-exclusive hypotheses may be at play to explain differences in habitat choice. First, 
individuals may prefer to use areas with certain characteristics because of their intrinsic 
differences in metabolism, morphology, and behaviour (Matching Habitat Choice 
hypothesis, Edelaar, Siepielski, & Clobert, 2008). Indeed a growing number of studies have 
shown among-individual variation in space-use (i.e. the outcome of habitat choice) and 
evidence for covariation with among-individual differences in behaviour(Bonnot et al., 2015; 
Boon et al., 2008; Schirmer et al., 2019; Spiegel et al., 2017; Villegas‐Ríos et al., 2018), 
morphology and life history traits (Edelaar and Bolnick, 2012; Ehlinger, 1990; Jacob et al., 
2017) or performance (Gaillard et al., 2010 for a review). Second, there could be differences 
between individuals because habitat stimuli encountered by an individual during its natal 




habitat (shared with relatives) may increase the likelihood to select particular habitats 
characteristics as an adult (Natal Habitat Preference Induction hypothesis, Davis & Stamps 
2004). Third, there could be genetic variations for habitat choice and if correlated with 
others phenotypic characteristics, would lead to the segregation of different phenotype and 
genotypes in different environments (Saltz and Nuzhdin, 2014).  
 
Few studies have estimated the genetic variance of habitat choice and none have done it in 
natural conditions (Jaenike and Holt, 1991; Saltz and Nuzhdin, 2014). Though, habitat choice 
is supposed to be influenced by genetic and environment (Wecker, 1964). For example, 
larvae of Drosophila melanogaster showed variations in microhabitat use (fruit sites) due to 
chromosomal contributions (Sokolowski, 1985). Genetic variation in habitat have been 
widely study in humans (Saltz, 2019 for a review), demonstrating that habitat is heritable 
(Plomin et al., 2016), with an average heritability value of 27% (Kendler and Baker, 2007). In 
contrast these mechanisms remain poorly investigated in wild non-human population. It is 
only recently that habitat informations have been integrated in quantitative genetics 
framework in wild populations (Thomson et al., 2018). Yet, for now this integration have 
been done to discern cause of phenotypic resemblances between relatives (Kruuk and 
Hadfield, 2007), as relatives often share habitats and consequently might bias the inference 
of the evolutionary potential of a trait (Falconner & Mackey 1996; Kruuk and Hadfield, 2007; 
Stopher et al., 2012; Thomson et al., 2018). It does not consider that similar habitat 
between individuals might be the outcome of similar habitat choice which itself may have a 
genetic basis. This will imply that genotypes differ in the environment they experience, thus 
blurring the estimation of evolutionary potential on the traits that are linked to habitat. 
Hence incorporation of habitat similarity in quantitative genetics framework to account for 




non-genetic sources of resemblance between relatives might also lead to bias the estimate 
of evolutionary potential. It highlights the complex feedback there is between 
environmental heterogeneity and the evolutionary potential of populations.  
The aim of this study is to assess the importance of environmental heterogeneity in 
evolutionary processes, thus to better understand the role of habitat choice in quantitative 
genetics framework. We studied a wild roe deer population (Capreolus capreolus) inhabiting 
a highly heterogeneous agricultural landscape, which harbours marked spatial and temporal 
variation in both resource quantity/quality and exposition to risk (e.g. hunting, human 
disturbance). Roe deer are known to actively choose their habitat at multiple spatial and 
temporal scales (Couriot et al., 2018; Martin et al., 2018a; Morellet et al., 2011; Padié et al., 
2015). We decomposed our study by applying two different approaches (i) we considered 
habitat composition, the outcome of habitat choice, as part of an individual phenotype by 
assessing the genetic variance and heritability of habitat composition (ii) we considered 
habitat composition as a non-genetic source of phenotypic resemblance and assessed how 
similarity in habitat composition between relatives may impede evolutionary potential of 
morphological, space-use and movement behaviour traits. Those traits are known to be 
heritable and be influenced by environment (Gervais et al., 2020; Quéméré et al., 2018). The 
two morphological traits (i.e. bodymass and hind foot length) are highly dependent on 
resource quality during early-life stages, and then the traits stay stable among life stages. 
Also, we studied four space-use and movement behaviours (i.e. probability of being in open 
habitats and distance to roads during daytime, daily average speed, home range size) that 
are tightly linked to resource and risk distribution (Bonnot et al., 2013; Coulon et al., 2008; 
Padié et al., 2015). Thus, we expect that environmental heterogeneity plays a major role in 




shaping the among-individual differences in movement, space-use and morphological traits. 
We provide one of the first studies to look at the genetic variation of habitat composition in 
the wild by integrating genome-wide data, biologging technologies and fine descriptions of 
habitat within a quantitative genetic framework.  
Materials & Methods 
Study population and data collection 
This study is based on the long-term monitoring by capture-mark-recapture of a free-
ranging population of roe deer in southwest France (Aurignac, N43°16’, E0°52’). The site is a 
heterogeneous agricultural landscape of around 19,000 ha, with open fields, small 
woodland patches and two larger forest blocks. This landscape modified by human activities 
(e.g. agricultural practice, infrastructure) harbours high quality foraging resources where 
human disturbances are high in such a way that animals must trade off acquisition of high-
quality resources against risk avoidance.  
Three hundred and thirty-four roe deer were caught between 2002 and 2018 during annual 
winter capture operations using drive netting. When a roe deer was caught in the net, it was 
tranquilized with an intramuscular injection of acepromazine (Calmivet-0.075 mg/kg) and 
placed in a wooden retention box designed to minimize stress and risk of injury. During 
marking procedures (ca. 10 mins/animal), each animal was sexed, aged as adult (>1 year 
old) or juvenile (<1 year old) based on teeth eruption (Ratcliffe and Mayle, 1992), and ear 
tagged. Each animal was weighted to the nearest 0.1 kg (hereafter body mass) and hind foot 
length was measured from the top of the calcaneum to the tip of the hoof to the nearest 1 
mm, which provides good indicators of body conditions (Hewison et al., 2009). Piece of ear 
skin tissue (2x2mm) using sheep ear-notching pliers was sampled and conserved in saline 




solution and stored at ambient temperature for further genetic analyses. All the capture and 
marking procedures agreed with the French and European law on animal welfare 
(prefectural order from the Toulouse Administrative Authority to capture and monitor wild 
roe deer and agreement nb. A31113001 approved by the Departmental Authority of 
Population Protection). For more details on the capture procedure and ethical 
considerations, see Morellet et al. (2009) and Bonnot et al. (2018) 
Genomic relatedness 
The DNA of the 334 individuals was extracted from skin samples using DNeasyTM Tissue Kit 
(Qiagen) and genotyped using a double-digest RAD sequencing approach (Peterson et al., 
2012) following the procedure detailed in (Gervais et al., 2019). Briefly, an individual’s DNA 
was digested using two restriction enzymes, EcoR1 and MsPI, and size-selected libraries of 
270-330 bp insert-size were sequenced on Illumina HiSeq 2500 (V4) (paired-end reads of 
125 bp) so as to obtain an average depth of coverage of 76 (reads/loci). De novo 
reconstruction of markers (i.e without a reference genome) and SNP calling were carried out 
with Stacks 1.35 software (Catchen et al., 2013).After removing loci present in less than 80% 
of individuals and with Minor-Allele-Frequency (MAF) lower than 1%, we retained 14,887 
polymorphic loci with a very low rate of genotyping error (<1%) and missing data (< 6  %) 
(see Gervais et al., 2019 for more details). This final dataset was used to compute the 
Genomic Relatedness Matrix (GRM) of the population using identity by state (IBS) SNP 
relationships as implemented in the GCTA software tool (Yang et al., 2011).  
Spatial data 
Most of the genotyped deer (286 out of 334) were equipped with GPS collars to monitor 
individual space-use and movement. Collars were programmed to obtain a GPS fix every 




four hours (in 2003 and 2004), or every six hours (from 2005 to 2018), for approximately 
one year (baseline monitoring). Furthermore, the collars were programmed to obtain a GPS 
fix at high frequency (1 location/10 min) over a 24h period approximately once per month 
(intensive monitoring). We performed differential correction to improve fix accuracy 
(Adrados et al., 2003) and removed aberrant GPS fixes that would imply unfeasible 
movements (0.05% of all locations). We also removed all GPS fixes taken during the first 10 
days after capture because of the potential alteration of spatial behaviour (Morellet et al., 
2009). Furthermore, as one third of juveniles disperse (Debeffe et al., 2012), we only 
retained locations recorded after the dispersal period (from the end of March to the end of 
May, Debeffe et al., 2012) for deer classified as dispersers (n=45) to ensure that we analysed 
only routine movement behaviour. Finally, we also removed months with less than 15 days 
(for baseline monitoring) or less than 20 hours (for intensive monitoring) of data for a given 
individual.  
Based on aerial photographs of the study site (from the IGN's BD Ortho, 
http://professionnels.ign.fr/bdortho-50cm), we manually digitized homogeneous habitat 
polygons (in ArcView GIS 3.3, Esri, Redlands, CA, U.S.A.). Each polygon was then assigned to 
a habitat type (e.g. woodland, hedgerow, meadow or crop) that was determined annually by 
field observations during summer. Meadows and agricultural crops are numerous in the 
study system and provide abundant high quality resources (Abbas et al., 2011; Hewison et 
al., 2009), but are also more exposed to human disturbance and associated risks (e.g. road 
traffic accidents, agricultural practices, hunting) (Coulon et al., 2008; Martin et al., 2018; 
Padié et al., 2015). 
 
a) Space-use and movement behaviour  




POH was calculated as the average proportion of fixes at 12:00 pm that occurred in open 
habitat, ranging between 0 for an individual that was always located in closed habitat during 
daytime, and 1 for an individual always located in open habitat during daytime. For each 
individual and each GPS fix at 12:00 pm, we also measured the distance (km) to the nearest 
road (hereafter distance to roads). Additionally, we assessed routine movement behaviour 
by calculating home-range size (ha, hereafter home-range size) using the kernel 90% 
method (Börger et al., 2006). Home range size, POH and distance to roads were averaged per 
month. Finally, we measured routine movement behaviour also by calculating daily average 
speed (km.h-1) during the intensive monitoring periods as the distance travelled during 24h 
(sum of step lengths) divided by the total interval duration (approx. 24h) (package 
adehabitatLT, Calenge, 2015), and averaged these values per month for each individual. 
b) Habitat composition metrics 
Once home range size was estimated, we kept only individuals for which at least 80% of the 
home range contained information on habitat composition types. To quantify 
environmental heterogeneity inside a home range, we calculated the Simpson diversity 
index (hereafter SIDI) as:  
                , where Pi is the proportion of habitat type and I and m is the number 
of habitat types (e.g. human, natural meadow, artificial meadow, sorghum, wilderness, etc., 
with 29 different habitat types). For further analysis, habitat types were clustered in larger 
habitat categories to calculate the proportion of refuges (wood, hedgerow, wasteland), of 
meadow (natural, artificial meadow, etc.) and of human infrastructure (house, road, garden, 
etc.) as the ratio between habitat type surface and the total home-range surface (hereafter 
Prefuge, Pmeadow, PHI, respectively). 




c) Spatial proximity and environmental similarity 
 
Environments are heterogeneous in space and time and should exhibit spatial (and 
temporal) autocorrelation. To understand how environmental heterogeneity shapes 
variation of phenotypic traits, and particularly genetic variations, it has been commonly 
done by accounting for spatial autocorrelation supposing that individuals closed in space 
share the same environment (hereafter 'SAC', Germain et al., 2016; Regan et al., 2017; 
Stopher et al., 2012). As suggested by Thomson et al. (2018), we also estimated the extent 
to which genetic similarity between individuals is due to the similarity of the habitat 
composition within the home range (hereafter Smatrix), and not only due to the spatial 
proximity between individuals. To calculate the Smatrix, habitat-composition variables 
(Prefuge, Pmeadow, PHI, SIDI), were all previously averaged over April, May, and June monitoring 
periods, as individuals have different total monitoring periods and habitat composition may 
not be comparable across month. Then, for each pair of individuals we calculated the 
Euclidean distance, between scaled and centred habitat composition measures, in a 
multivariate space, as:                    , where p and q are vectors of centred 
and scaled environmental measures for individuals j and k (see Thomson et al., 2018 for 
more details). Finally, Euclidean distances were scaled so that each individual has a value of 
1 with itself and 0 for individuals with a dissimilar habitat composition (Thomson et al., 
2018). We calculated environmental similarity for 216 individuals among the 252 individuals 
recorded for Prefuge, Pmeadow, PHI, SIDI, POH, proximity to roads, home range size and among 
the 316 and 324 individuals recorded for hind foot length and body mass respectively. The 
201 individuals with available daily average speed data also carried environmental similarity 
information. Genotyped individuals with missing habitat composition data were assigned a 
value of zero to keep a similar dimension for the GRM and the Smatrix (see Thomson et al., 




2018 for a discussion on it, Stopher et al., 2012). Finally, GRM, Smatrix or SAC have been 
implemented in the animal model to distinguished phenotypic resemblance between 
relatives due to additive genetic variance, environmental similarity or spatial 
autocorrelation of the environment (see below).  
Statistical analyses 
Our aims were first to investigate if there is a genetic basis for habitat composition, the 
outcome of habitat choice. Second, if environmental heterogeneity (accounted by spatial 
similarity (‘SAC’) or environmental proximity (‘Smatrix’)) may play an important role in 
evolutionary potential of space-use behaviours, movement behaviours and morphological 
traits. As a first step, to ensure model feasibility we checked that there was sufficient 
contrast between genetic and environmental similarities by visually inspecting if different 
sets of related individuals could be found across different environments (figure S1). We also 
investigated if genetic and environmental similarities were spatially autocorrelated and 
hence may be confounded. We built spline correlograms of environmental (Smatrix) and 
genetic similarity (GRM) separately by using the ncf package. It helps to determine the 
spatial dependence, of Smatrix and GRM, as a continous function of distance (meters). It 
indicates the distance at which Smatrix or GRM are no more similar than expected by-
chance-alone across the distance. 
We used univariate animal models with a REML method (Lynch and Walsh, 1998) to 
estimate components of phenotypic variance in habitat composition traits (Prefuge, Pmeadow, 
PHI, SIDI), space-use behaviours (POH, distance to roads), movement behaviours (daily 
average speed, home range size), and morphological traits (body mass and hind foot length). 
First, we partitioned the phenotypic variance into among- and within-individual variance. 




Second, we partitioned among-individual variance into additive genetic and permanent 
environmental effects. Thirdly, we partitioned those previous components into spatially 
dependent and spatially independent components by considering the spatial proximity or 
the environmental similarity. For this last step, we decomposed the phenotypic variance of 
habitat composition traits by using spatial proximity and not environmental similarity to 
avoid any redundancy.  
Juvenile body mass and hind foot length was standardized for capture date prior to analysis 
by adjusting juvenile body mass and hind foot length to first of February, as juvenile body 
condition is known to increase from January to February in southern latitudes (Hewison et 
al., 2002). After inspection of the residuals we decided to transform response variable so 
that residuals had a closer approximation to normality: Prefuge, PHI and distance to roads 
were squared-transformed, SIDI were box-cox transformed (lambda=5.5), while distance to 
roads (+1), daily average speed, home range size, Pmeadow, body mass and hind foot length 
were log-transformed. The statistical significance of variance components for spatial and 
non-spatial model was assessed using Likelihood Ratio Tests (LRT) (Meyer, 1992; Wilson et 
al., 2010). We included class-age and sex as fixed effects in the models, except for 
morphological traits for which we also fitted the interaction between the two. 
a) Non-spatial animal model 
We decomposed phenotypic variance into among-individual and residual variance by fitting 
individual identity as a random effect followed by the two-way random effect interaction 
between month (1-12) and sex. This partition allowed us to estimate the variance 
attributable to months while accounting for sex (VT), from among-individual variation (VIND) 
from all that was not explained (VR). This is a ‘phenotypic model’ with no estimation of 




genetic effects. Then, we built a quantitative genetic model. We added a random effect on 
individual identity linked to GRM to partition among- individual variation due to differences 
in genes (additive genetic effect, aka VA) from variation due to non-genetic (permanent 
environmental effects, aka VPE). Thus the ‘genetic model’ was built as: 
                    
where y is a vector of observed phenotypic values, X and Z are design matrices relating 
observations to fixed or to random effects, respectively,   is a vector of fixed effects and a, 
pe, t and e are vectors of random additive genetic, permanent environmental, month and 
residual effects. From this genetic model, narrow-sense heritability of the traits was 
estimated as h²=VA/(VA+VPE+VR+VT), the permanent environmental effect as 
pe²=VPE/(VA+VPE+VR+VT) and the seasonal effect as t²=VT/(VA+VPE+VR+VT), while the residual 
effect was calculated as e²=VR/(VA+VPE+VR+VT) (Wilson et al., 2010). Adjusted repeatability 
(Nakagawa and Schielzeth, 2010) was estimated as ind²= (VA+VPE)/(VA+VPE+VR+VT). 
b) Spatial animal model: assessing environmental heterogeneity 
Each of the non-spatial animal models was then extended to estimate the variance in 
phenotypic traits attributed to spatial proximity or environmental similarity (‘SAC’ and 
‘Smatrix‘, respectively). Thus, two spatial models, either with ‘SAC’ or with ‘SMatrix’, were 
run to estimate environmental heterogeneity effects on phenotypic traits. ‘Smatrix’ and 
‘SAC’ provides complementary information as individuals closed in space may use similar or 
dissimilar habitats, while ‘Smatrix’ provides information on the habitat composition 
similarity that may itself be spatially autocorrelated (see figure S2). Yet, both depend on 
each other, and thus cannot be investigated at the same time. Each spatial model formed an 
independent extension of the non-spatial genetic model as:  




                          
where y is a vector of observed phenotypic value, X and Z are design matrices relating 
observations to fixed or random effects respectively,   is a vector of fixed effects and a, pe, 
t, loc and e are vectors of random additive genetic, permanent environmental, temporal, 
spatial and residual effects. Only the Z4 loc component differs between the two spatial 
models (‘SAC’ or ‘Smatrix’). For morphological traits, to avoid any statistical power issue, 
animal models were not run on the same number of individuals according to the ‘Smatrix’ or 
‘SAC’ analyses (‘Smatrix’ 318individuals, 451 observations – ‘SAC‘model 268individuals, 391 
observations).  
To account for spatial proximity, the ‘SAC’ model included an explicit spatial autocovariate 
estimating the distance (meters) between individual locations at which differences in traits 
values were expected to be zero (Fortin and Dale 2005). We fitted a two-dimensional 
isotropic exponential covariation of XY coordinates on the residual structure of the animal 
model, with a nugget effect. It allowed us to partitioning variance components that are 
spatially dependent (VN) from components that are spatially independent (VR). To 
decompose habitat-use and behavioural variance, we incorporated average locations 
calculated for each individual per month so that each animal had X and Y coordinates for 
each month. We only had one value per individual per year for bodymass and hind foot 
length. We thus included the average yearly location for each individual in the model. For 
individuals with several years of phenotypic records and location available for one year only, 
we reported the unique location over all the years, as roe deer are highly sedentary 
(Hewison et al., 1998). Average locations by month or year were rounded to the nearest 




meter and were added randomly between 0 and 10 meters to ensure that no observations 
had identical coordinates, which may impede the estimation of SAC (Fortin and Dale 2005).  
In a second spatially explicit model, we included information on environmental similarity in 
a multiple-matrix animal model (Thomson et al., 2018). The ‘Smatrix’ model estimated the 
degree to which individuals with similar habitats have similar phenotypic values. Thus, 
based on the non-spatial genetic model, we fitted an additional random effect of the 
individual effect linked to the ’Smatrix’ to distinguish the variance due to the environmental 
similarity VN from VA,VPE,VR, and VT. We calculated the components of genetic models 
before and after accounting for environmental similarity only for behavioural data (home 
range size, POH, distance to roads, daily average speed) and morphological data (body mass 
and hind foot length).  
c) Model performance 
We qualitatively checked model performance by realising independent investigations to 
ensure that the model was able to estimate precise components, by checking that the total 
estimated phenotypic variance did not vary much among nested models (Regan et al., 2017; 
Stopher et al., 2012). We also checked that the model was able to distinguish between 
different components and therefore that the components were not entirely confounded 
with one another. Indeed it is possible due to the sampling design that variance components 
being indiscernible. In this study, genetic and environmental similarities are both spatially 
autocorrelated (see figure S2 and S3), which might be an issue when incorporating them in 
an animal model. Thus, to ensure the capacity of the model to decompose phenotypic 
variance, we first checked the sampling correlations of the variance estimates (i.e. sampling 
correlations of all random effects), which may be informative to determine the extent to 




which random effects are confounded with one another (Wolak, 2012). It is indicative of the 
correlation between additive genetic effects (VA), environmental similarity effects (VN), 
permanent environmental effects (VPE) and the month effect (VT). Using the inverse of the 
average information matrix, we checked that the correlation between VA, VPE, VT and VN 
estimates was in absolute value, less than 0.7 (Dormann et al. 2013) (figure S4). Second, we 
checked whether the model could distinguish between variance parameters by conducting a 
profile-likelihood analysis. This analysis corresponds to the representation of the model log 
likelihood when projected onto the parameter space for one particular parameter or subset 
of parameters (Meyer, 2008; Wolak, 2012). The profile likelihood of each variance 
component can be visually inspected to understand the ability of the designed model to 
produce precise and none-confounded variance component estimates (e.g. GRM, ‘Smatrix’). 
We ran a series of constrained models (nearly 20) for a range of given fixed values for the 
different components (i.e. VA, VPE, and VN). For example, we fixed VN to be 0.001 and the 
other components were free to be estimated by the model (VA, VPE, and VR) and we re-
iterated this by varying the fixed values between 0.001 and the sum of VA, VPE and VN that 
have been estimated by the unconstrained model. Then, we reported the log-likelihood of 
each constrained model and checked if there was a maximum log-likelihood (figure S5, S6, 
S7), in others words, we checked if a constrained model for a given component value had a 
greater log-likelihood than other models. If the profile likelihood of a given variance 
component exhibits a maximum log-likelihood, it suggests the model can distinguish VA, or 
VPE, or VN from other among-individual sources of variance. All mixed model analyses were 
conducted on ASReml-R v4.00 (Butler et al., 2009).  
 





Genetic variation and spatial proximity underlie among-individual differences in habitat 
composition:  
Individuals consistently differed in their habitat composition, with a high repeatability 
ranging from 0.64 for PHI to 0.87 for Prefuge (table 1). Considering spatial autocorrelation 
(‘SAC’) in habitat composition improved the fit of all the models (pvalue<0.0001 for all 
traits). They performed well as illustrated by stable VP estimates across models. The only 
exception was for the Prefuge model, which suffered from a lack of precision with estimated 
VP changing from 0.0364 to 0.0496 when accounting for spatial autocorrelation (table 1). 
Accounting for spatial autocorrelation strongly decreased repeatability estimates to values 
ranging from 0.09 to 0.12. These values were still significant, with the exception of the Prefuge 
model where all the among-individual differences were explained by spatial autocorrelation 
(ind²=0.01). In general, spatial autocorrelation in habitat composition accounted for most of 
the among-individual variance, with a strong decrease in both additive genetic variance and 
permanent environmental variance. While we found high additive genetic variance in 
habitat composition with heritability ranging from 0.43 (Pmeadow) to 0.86 (Prefuge), estimates 
became weak and non significant when accounting for spatial autocorrelation (from 0.01 to 
0.03 see table 1, figure1). Permanent environmental effects also decreased when 
accounting for spatial autocorrelation (decreasing from 0.37 and 0.54 to 0.06 and 0.10 for 
Pmeadow and SIDI respectively) but they remained significant. We found no significant 
variation in habitat composition attributed to temporal variation (t²<0.0001). 





Figure 1. Proportions of variance explained by the different random components for habitat 
composition traits. Results correspond to basic models (no spatial term), and models with spatial 
autocorrelation (‘SAC’). Repeatability (ind²) is the sum of heritability (h²) and permanent 
environmental effects (pe²). Other ratios refer to the spatial component (‘SAC’) (n²), month 
component (t²) and residual component (e²).  
 
 
  Prefuge  Pmeadow  PHI  SIDI 
  basic sac  basic sac  basic sac  basic sac 
VI  0.0352(0.0032) <0.0001  0.0146(0.0014) 0.0019(0.0002)  0.0015(0.0001) 0.0002(0.0000) 
 
 0.0098(0.0009) 0.0017(0.0002) 
VA  0.0312(0.0029) 0.0005(0.0002)  0.0076(0.0025) 0.0007(0.0005)  0.0012(0.0003) 0.00002(0.0001) 
 
 0.0068(0.0016) 0.0002(0.0004) 
VPE   
Boundary 
 
0.0002(0.0002)  0.0066(0.0022) 0.0012(0.0004)  0.0003(0.0002) 0.0002(0.0001) 
 
 0.0025(0.0013) 0.0015(0.0004) 
VT  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001 <0.0001 
 
 <0.0001 <0.0001 
VN  - 0.0480(0.0379)  - 0.0186(0.0112)  - 0.0015(0.0002) 
 
 - 0.0110(0.0027) 
VR  0.0049(0.0001) 0.0009(0.0001)  0.0035(0.0001) 0.0009(0.0001)  0.0008(<0.0001) 0.0004(<0.0001)  0.0032(0.0001) 0.0013(0.0001) 
ind²  0.87(0.01) 
 
0.01(0.01)  0.81(0.02) 0.09(0.05)  0.64(0.02) 0.09(0.02)  0.75(0.02) 0.12(0.03) 




































t²  <0.0001 
 
<0.001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001 <0.0001 
n²  - 0.97(0.03) 
P<0.0001 
 - 0.86(0.07) 
P<0.0001 
 - 0.72(0.04) 
P<0.0001 
 - 0.78(0.04) 
P<0.0001 
 
e²  0.14(0.01) 
 
0.02(0.01)  0.20(0.02) 0.05(0.02)  0.37(0.02) 0.18(0.02)  0.26(0.02) 0.09(0.02) 
total VP  0.0364 0.0496  0.0023 0.00216  0.0023 0.0021  0.01250 0.014 
Table 1. Variance component estimates, their associated ratios and associated standard error in brackets, for basic model (no spatial term), spatial autocorrelation model 
(‘SAC’) for habitat composition: Among-individual variance (VI), additive genetic variance (VA), permanent environmental variance (VPE),month variance (VT), variance 
attributed to spatial autocorrelation (VN), residual variance (VR), the sum of all component is the total phenotypic variance (VP). Repeatability (ind²) is the sum of additive 





Environmental similarity and spatial proximity reduced behavioural but not morphological 
estimates of evolutionary potential 
Environmental heterogeneity (‘SAC’ or ‘Smatrix’) greatly explained behavioural and 
morphological traits variations (table2, 3 and figures 2, 3). Spatial proximity (‘SAC’) 
explained among-individual variance in behavioural traits, but only explained within-
individual variance in morphological traits (table2, 3 respectively). Conversely, 
environmental similarity (‘Smatrix’) exclusively explained among-individual variance for both 
behavioural and morphological traits. Furthermore, the relative impact of spatial proximity 
and environmental similarity on other variance components varied among traits. Spatial 
proximity and environmental similarity qualitatively explained to a higher degree the 
variance in behavioural traits (in average 55% and 43 % for ‘SAC’ and ‘Smatrix’ respectively) 
than the variance in morphological traits (in average 20% and 34 % for ‘SAC’ and ‘Smatrix’ 
respectively). Yet, environmental similarity qualitatively explained more variance (ca. 34%) 
in morphological traits than do spatial proximity (ca. 20%) and conversely for behavioural 
traits (43% vs. 55% respectively). It should be noted that the different in number of 
individuals in ‘SAC’ and ‘Smatrix’ for morphological traits did not impact our estimates as 
the total phenotypic variance estimated by the two models was the same (VP=0.019). 
For behavioural traits, environmental similarity greatly and exclusively explained most of the 
behavioural among-individual variance, with a decline of both additive genetic and 
permanent environmental variance (table2, figure 2). The exceptions were for daily average 
speed and home-range size, which had consistent repeatability of 0.26 and 0.41 decreasing 
to 0.20 and 0.14, respectively (table 2). Accounting for spatial proximity or environmental 
similarity severely decreased heritability making them weak and non significant across 




behavioural traits (table 2, figure 2). POH, distance to roads and daily average speed had 
heritability respectively of 0.38, 0.68, 0.10 decreasing and being non significant, to 0.01, 
0.01, <0.001 when accounting for spatial proximity and 0.05, 0.03, 0.03 when accounting for 
environmental similarity. The only exception was for home-range size which despite a 
heritability decreasing from 0.32 to 0.15-0.19, still harbour significant additive genetic 
variation (table 2). Temporal variations significantly explained around 15% of space-use and 
movement behaviour variations, expect for the distance to roads (see figure S8) 
In contrast, heritability estimates for morphological traits were little impacted by spatial 
proximity (‘SAC’) or environmental similarity (‘Smatrix’). First, accounting for spatial 
proximity only absorbed within-individual variances of morphological traits. Bodymass and 
hind food length harbour high heritability of 0.47 and 0.43 respectively which stay stable 
around 0.49 and 0.47 when accounting for ‘SAC’ (table 3). Second, accounting for 
environmental similarity (‘Smatrix’) did not affect the additive genetic variance but 
decreased the permanent environmental variance. There was a sharp decrease of 
permanent environmental effects for body mass, going from 0.24 to 0.01. Conversely, 
permanent environmental effects for hind foot length decreased from 0.37 to 0.14 after 
accounting for environmental similarity (i.e. ‘Smatrix’) (figure 3) but was no more significant.
 




Figure 2. Proportions of variance explained by the different random components for behavioural 
traits. Results correspond to basic model (no spatial term), model with spatial autocorrelation 
(‘SAC’) and models with environmental similarity (‘Smatrix’). Repeatability (ind²) is the sum of 
heritability (h²) and permanent environmental components (pe²).  Others ratios refers to spatial 
components either ‘SAC’ or ‘Smatrix’ (n²), month component (t²) and the residual component (e²).  
 
Figure 3. Proportions of variance explained by the different random components for 
morphological traits. For all traits are reported the results containing no spatial term (basic), spatial 
autocorrelation (‘SAC’) and environmental similarity (Smatrix). Repeatability (ind²) is the sum of 
heritability (h²) and permanent environmental components (pe²). Others ratios refers to spatial 
components either ‘SAC’ or ‘Smatrix’ (n²) and the residual component (e²).  
Chapter 3: How the environmental similarity between relatives influence the evolutionary potential? 
 
     
  POH Distance to roads  Daily average speed  Home range size 
  basic sac smatrix  basic sac smatrix  basic sac smatrix  basic sac smatrix 












































































































































ind²  0.54 
(0.03) 
 







































































t²  0.13 
(0.04) 
 

































e²  0.34 
(0.02) 
 










































Table 2. Variance component estimates, their associated ratios and associated standard error in brackets, for basic model (no spatial term), spatial autocorrelation model (‘SAC’) and environmental 
similarity model (‘Smatrix’)  for behavioural traits: Among-individual variance (VI), additive genetic variance (VA), permanent environmental variance (VPE),month variance (VT), variance attributed to 
spatial autocorrelation or environmental similarity according to model(VN), residual variance (VR), the sum of all component is the total phenotypic variance (VP). Repeatability (ind²) is the sum of 
additive genetic variance (VA) and permanent environmental effect (VPE) on total phenotypic variance (VP). Boundary indicates that the model fixed the estimate at a very small positive value. pvalues of 
the LRT test are reported for h²,pe²,n².  




  Body mass Hind foot lenght 
  basic sac smatrix  basic sac smatrix 
VI  0.013(0.002) 0.013(0.002) 0.008(0.003)  0.001(0.0001) 0.0010(0.0001) 0.0008(0.0001) 
VA  0.009(0.003) 0.010(0.003) 0.009(0.002)  0.0006(0.0002) 0.0007(0.0002) 0.0006(0.0002) 
VPE  0.004(0.002) 0.004(0.003) 0.000(0.002)  0.0004(0.0002) 0.0003(0.0002) 0.0002(0.0002) 
VN  - 0.004(0.002) 0.009(0.003)  - 0.0003(0.0001) 0.0005(0.0002) 
VR  0.005(0.001) 0.003(0.000) 0.005(0.001)  0.0003(0.0000) 0.0001(0.0000) 0.0003(0.0000) 
ind²  0.71(0.04) 0.63(0.08) 0.41(0.09)  0.80(0.03) 0.69(0.08) 0.56(0.11) 
























e²  0.71(0.04) 0.15(0.03) 0.23(0.04)  0.20(0.03) 0.08(0.02) 0.16(0.03) 












Table 3. Variance component estimates, their associated ratios and associated standard error in brackets, for basic model (no spatial term), spatial autocorrelation model (‘SAC’) and environmental 
similarity model (‘Smatrix’)  for morphological traits: Among-individual variance (VI), additive genetic variance (VA), permanent environmental variance (VPE), variance attributed to spatial 
autocorrelation or environmental similarity according to model (VN), residual variance (VR), the sum of all component is the total phenotypic variance (VP). Repeatability (ind²) is the sum of additive 
genetic variance (VA) and permanent environmental effect (VPE) on total phenotypic variance (VP). Boundary indicates that the model fixed the estimate at a very small positive 
value. Pvalues of the LRT test are reported for h², pe², n².




Spatial autocorrelation of genetic and environmental similarity: 
We found that environmental similarity is spatially autocorrelated (4500 meters) at a larger 
scale than genetic similarity (2500 meters) (figure S3, S2 respectively). Across all the models 
we found moderate correlations between genetic similarity and environmental similarity 
estimates (between 0.05 and 0.11 across all models, figure S4), hence suggesting that the 
model can distinguish additive genetic and permanent environmental effect from 
environmental similarity effect. Yet, models seemed more imprecise in estimation when 
trying to partition them. Indeed, total phenotypic variance estimated for POH and home 
range size varied greatly according to the model (e.g. VP going from 0.0769 to 0.0903 when 
accounting for environmental similarity, table 2). Although, according to the profile 
likelihood for home range size, it seemed more difficult to distinguish between permanent 
environmental variance and environmental similarity effect, conversely to additive genetic 
effect (figure S5c, S6c, and S7c). Including environmental similarity improved model fit for all 
the models but lead to imprecise estimates of environmental similarity effects for POH, 
distance to roads and home range size (table 2). Thus, we cannot discuss the exact amount 
of phenotypic variance attributed to environmental similarity but rather on its relevant 
existence.  
Discussion:  
Our study quantified the genetic and environmental components of phenotypic variation in 
a wild roe deer population. One originality of our quantitative genetic study was to use high-
resolution spatial information about habitat composition to estimate environmental effects. 
Our results brought evidence that caution should be taken when estimating the evolutionary 
potential to respond to selection in wild populations where individuals are susceptible to 




share their habitat and have the ability to choose their environment. We demonstrated that 
additive genetic effects underlie among-individual variation in habitat composition. Habitat 
composition might therefore be susceptible to evolve in response to selection. Furthermore, 
we demonstrated that (i) relatives shared similar habitat composition, (ii) that genetic and 
environmental similarities were spatially autocorrelated, which might account for a part of 
the heritability estimates. Collectively, our findings suggest a segregation of genotypes 
across heterogeneous landscapes, as our results suggest the presence of genotype-
environment correlations (rGE). Considering environmental similarity as a source of non-
genetic resemblance between relatives may also lead to bias evolutionary potential 
estimates. Our findings shed light on the necessity to investigate the mechanisms underlying 
environmental similarity between relatives when studying the evolutionary potential of wild 
animal populations. More importantly, this study fuels the debate on genetic versus 
environmental causality when studying phenotypic variation. As recently stated in the 
literature, the line that separates the two are becoming increasingly blurred (Hunt et al., 
2019).  
Genetic variation in habitat composition indicates genotype-environment correlations 
We demonstrated that habitat composition, mostly the outcome of habitat choice, is 
heritable and thus, may be considered as an evolving trait. Several studies in wild 
populations show the existence of among-individual variations in habitat composition 
(Schirmer et al., 2019; Spiegel et al., 2015). To date, its heritability has been poorly 
investigated in nature. Our results are in line with Nielsen et al. (2013, in grizzly bear) and 
Shafer et al. (2014 in mountain goats) who demonstrated a correlation between genetic 
relatedness and habitat choice, but did not provide heritability estimates. We found a 




heritability for the individual mean habitat composition of 58%, which is much higher than 
the heritability of the environment found in the human-psychology literature (in average 
23% Avinun and Knafo, 2014; 27%  Kendler and Baker, 2007). The heritability of the habitat-
composition reveals that different genotypes experience different environments, indicating 
the existence of a genotype-environment correlation (rGE, Saltz, 2019).  
Genotype-environment correlations might be due to several non-exclusive mechanisms. 
Four non-exclusive mechanisms can give rise to genotype-environment correlations (rGE) 
(Saltz, 2019). First, there might be a real genetic basis for habitat choice driving directly the 
genetic variation for habitat composition. Second, phenotypic traits that have a genetic basis 
might affect the environments experienced by individuals. This might be the case in the 
presence of matching-habitat choice or phenotype-dependent habitat choice (Edelaar et al., 
2008). For example, in roe deer, among-individual differences in behaviour traits have a 
genetic basis (Gervais et al., 2020) and are linked to the use of different habitats (Bonnot et 
al., 2015, 2018; Monestier et al., 2015). This might potentially generate genotype-
environment correlations. Third, there might be an influence of both genetic and non-
genetic inheritance. For example, roe deer fawns inherit genes that influence their body 
mass directly, and also a variable amount of resources form their mother (i.e. habitat 
composition) that indirectly affects their mass (Quéméré et al., 2018). Lastly, at the 
population level, there could be differential selection according to environment, leading to 
non-random distribution of genotypes across environments. For example, roe deer fawns of 
proactive bold mothers survive better in open habitats, whereas fawns of reactive shy 
mothers have higher survival in closed habitats (Bonnot et al., 2018; Monestier et al., 2015). 
Boldness-shyness and proactivity-reactivity are supposed to be heritable, which may also 
lead to a non-random distribution of genotypes.  




In this study, it was impossible to distinguish mechanisms, as many hypotheses seem 
plausible according to the roe deer biology. Genetic variation in habitat composition is a 
complex mechanism as environment itself may be heritable and can evolve under selection. 
This participates to the debate on Indirect Genetic Effects, where claims were made that the 
frontier between environment and genes might become indiscernible (IGE, Hunt, Rapkin, 
House, Wilson 2019). Furthermore, genotype-environment covariance may lead to genetic 
correlations among traits that may vary according to environments (plastic traits) and lead in 
turn to co-evolution between traits. While there is an increasing body of literature 
investigating the co-evolution between behaviour, morphology and life history (aka Pace-Of-
Life-Syndromes (POLS), Réale et al., 2010), studies investigating the origin (genetic vs 
environmental) of the underlying mechanisms are scarce (Careau et al., 2011; Niemela et al., 
2013). We suggest that habitat choice may be an evolving key parameter of POLS and that 
there is a need to extend the POLS to incorporate habitat information thus, to better 
understand the role of environmental heterogeneity in evolutionary processes.  
Environmental heterogeneity shape among-individual variations in behavioural and 
morphological traits: 
Our results showed that environmental heterogeneity can strongly influence key behavioural 
and morphological traits. Individuals located in close proximity and that shared similar 
habitat composition had similar space-use and routine movement behaviours. This 
environmental similarity explained between 14 and 72% of space-use and movement 
behaviour variation. This is not surprising as animal movement traits, as for example home 
range size, are known to rely on habitat composition (Beest et al., 2011; Ofstad et al., 2016; 
Tufto et al., 1996). We found a relatively high percentage of variation attributed to 




environmental similarity in space-use behaviours (POH, Distance to roads n²=40-77%), unlike 
the small percentage attributed in routine movement behaviours (daily average speed 
n²=7%). This strong effect may not be surprising as space-use behaviour strongly relies on 
habitat characteristics that are stationary elements of the home range because roe deer are 
sedentary (Hewison et al., 1998).  
While spatial proximity and environmental similarity had similar patterns for behavioural 
traits, we found contrasting patterns between them for morphological traits. Individuals that 
share habitat composition, but that are not close in locations, have the same body mass and 
hind foot length. This is not surprising as body mass in roe deer are impacted by the 
landscape composition (Hewison et al., 2009). Particularly, early environmental conditions 
(e.g. the quantity/quality of food resources available to the mother during gestation and 
lactation), rather than current local resource, can influence body mass (Oftedal, 1984, 
Douhard et al., 2013). This is likely reflecting partially a mother’s habitat during gestation, 
with environmental similarity partially reflecting environmental maternal effects, because 
habitat composition has a genetic basis.  
Overall, it illustrates that spatial proximity (i.e. ‘SAC’) do not fully account for environmental 
heterogeneity, as we had different patterns between spatial proximity and environmental 
similarity. This is not surprising, as we know that more than one third of individuals disperse 
(from 0.4 to 40 km, Ducros et al., 2020) and may establish in a habitat similar to their natal 
habitat (Davis and Stamps, 2004). Geographically distant individuals might experience the 
same environment, which might lead to different patterns of spatial proximity and 
environmental similarity. Indeed spatial proximity only explained within-individual variations 
while environmental similarity explained among-individual variations in morphological traits. 




Surprisingly, spatial proximity explained among- and within-individual variation in 
behavioural traits in the same way as environmental similarity. This discrepancy might be 
due to the different temporal scale used to index spatial proximity between morphological 
(year to year) and behavioural traits (month to month on several years). This can also be due 
to spatial proximity that is allowed to vary from year to year or from month to month, while 
we determined environmental similarity during the spring for an individual “monitoring” 
lifetime. Yet environment is susceptible to vary across time. For example, roe deer are highly 
sedentary (Hewison et al., 1998) but are known to adjust microhabitat use according to 
seasons inside their annual home range (Couriot et al., 2018). Thus, roe deer may have the 
same spatial locations through seasons but different habitat use inside a home range. 
Although, it was not significant, in our study, monthly variation in habitat composition could 
alter the environmental similarity between individuals (Thomson et al., 2018).  
Different impact on evolutionary potential for behavioural and morphological traits  
To our knowledge only three studies (Germain et al., 2016; Regan et al., 2017; Stopher et al., 
2012) have estimated the impact of environmental similarity on the estimation of a wild 
population evolutionary potential to respond to selection. This was done by assessing spatial 
autocorrelation or home-range overlap and thus, without a direct characterization of the 
environment. Stopher et al., (2012) found that accounting for environmental similarity 
profoundly impacted heritability estimates. Yet, Germain et al., (2016) (in song sparrows) 
and Regan et al., (2017) (in Soay sheep) did not find any effect of environmental similarity on 
morphological or life history traits. Our results brought evidence that environmental 
similarity may impact the estimates of evolutionary potential and that the previous 
discrepancy in conclusion in the litterature, is due to differences of indexed traits (e.g. 




morphological vs behavioural traits). We found an impact on behavioural heritability but 
none on the morphological one.  
Our study is one of the first studies with Stopher et al., (2012) to have estimated the 
heritability of home-range size in a free-ranging population. Our results for home range size 
heritability (32%) was in line with Stopher et al., (2012) (h²=31, 43%). Yet Stopher et al., 
(2012), concluded that it was largely biased by space sharing between relatives (h² 
0.03±0.03%), which was not the case in our study with a heritability of 15±5%, after 
accounting for environmental similarity. Among all the spatial behaviour assessed, 
environmental similarity reduced the estimation of additive genetic variations. It indicated 
that relatives look alike in terms of behaviour and environment. Conversely for body 
condition, our results showed that individuals that share genes and individuals that don’t 
share genes but share environments also have the same body conditions. In line with Regan 
et al., (2017), we did not find an effect of space-sharing on evolutionary potential of 
morphological traits. Yet we found that individuals sharing environments, also had similar 
morphological traits, which demonstrated a long-lasting effect of habitat composition on 
morphological traits.  
The disparity of the conclusions on the impact of environmental similarity on our evaluation 
of the evolutionary potential might be due to the different mechanisms underlying the 
correlations between phenotypic traits and environments. Behaviour may be differently 
linked to the environment than morphological traits. Behaviour is the direct link between an 
individual and its environment, all the more considering spatial behaviour. Individuals will 
meet environments in function of their behaviour and they might be a reciprocal interaction 
with environment exerting reversible or irreversible plasticity on behavioural traits. On the 




other hand, morphological traits are less likely to act directly on the environment but might 
undergo developmental effects partly due to environment. Our results brought some 
evidence for those hypotheses as we found no impact of environmental similarity on 
additive genetic variance when studying morphological traits but a great impact for 
behaviours. This may indicate that genes involved with habitat choice are also at play with 
other behaviours. Conversely, taking into account environmental similarity only reduced the 
non-genetic component of the among-individual variation for morphological traits. This 
might indicate that genes involved with habitat composition and morphological traits are 
different and that habitat composition and morphological traits are rather linked by 
permanent-environmental effect. Overall, we would like to reiterate the usual warning to 
evolutionary biologists about genotype-environment correlations. They should be carefully 
investigated because they may complicate the interpretation of quantitative genetic models 
in wild populations (Briley et al., 2019). When environment similarity is considered as a non-
genetic source of phenotypic resemblances between relatives, it may severely modify our 
estimation of the evolutionary potential of wild populations. One solution would rather be 
to investigate correlations between habitat composition and phenotypic traits.  
Conclusion 
We demonstrated that environmental heterogeneity plays a key important role in 
maintaining among-individual differences both for behavioural and morphological traits. 
Individuals with different genotypes consistently differed in their habitat composition, which 
makes it difficult to distinguish genetic and environmental causes of phenotypic variation. 
Evolutionary potential of habitat composition is an overlooked mechanism that might be 
responsible for adaptation under global changes (Edelaar and Bolnick, 2019). We argue that 




approaches partitioning the effect of genes and environments need more caution as 
environmental components of phenotypic variation might in fact be genetically based. Thus, 
we emphasize that there is a need to study the underlying origin of co-evolution between 
individual phenotypes and environment to better understand how population may adapt to 
global changes.  
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Figure S1. Distribution of environmental similarity between individuals according to pairwise 
genetic relatedness coefficient. Each pixel corresponds to a pair of individuals. Light blue pixels 
correspond to high density of data.  
 
FigureS2. Spline correlogram of environmental similarity matrix. The y-axis is the mantel correlation 
coefficients and its corresponding 95% confidence envelope (in grey) for environmental similarity 
according to geographical distance in meters (in the x-axis). 





Figure S3. Spline correlogram of genomic relatedness matrix. The y-axis is the mantel correlation 
coefficients and its corresponding 95% confidence envelope (in grey) for environmental similarity 
according to geographical distance in meters (in the x-axis). 





Figure S4. Correlation matrix between random effects for POH (A), daily average speed (B), Home 
range size (C), distance to roads (D), body mass (E), hind foot length (F)- At the exception of additive 
genetic and permanent environmental effect, two effect are considered too highly correlated to be 
distinguished to each other, if the coefficient is up to 0.7. 





Figure S5. ProfileLikelihood for the environmental similarity component in a model design to 
disentangle genetic, permanent environmental and environmental similarity effects(‘Smatrix’) for 
POH (A), daily average speed (B), home-range size (C), distance to roads (D), body mass (E), hind foot 
length (F) models. Gamma value is the ratio of the variance component to the residual variance. Each 
gamma values correspond to a fixed value for VN component. For each fixed VN values there is an 
estimation of the REML log-likelihood of the model (y-axis).The blue vertical line corresponds to the 
gamma component estimated by the unconstrained model (‘Smatrix’). 
  





Figure S6. ProfileLikelihood for the additive genetic variance component in a model design to 
disentangle genetic, permanent environmental and environmental similarity effects(‘Smatrix’) for 
POH (A), daily average speed (B), home-range size (C), distance to roads (D), body mass (E), hind foot 
length (F) models. Gamma value is the ratio of the variance component to the residual variance. Each 
gamma values correspond to a fixed value for VA component. For each fixed VA values there is an 
estimation of the REML log-likelihood of the model (y-axis).The blue vertical line corresponds to the 
gamma component estimated by the unconstrained model (‘Smatrix’). 




Figure S7. ProfileLikelihood for the permanent environmental variance component in a model 
design to disentangle genetic, permanent environmental and environmental similarity 
effects(‘Smatrix’) for POH (A), daily average speed (B), home-range size (C), distance to roads (D), 
body mass (E), hind foot length (F) models. Gamma value is the ratio of the variance component to 
the residual variance. Each gamma values correspond to a fixed value for VPE component. For each 
fixed VPE values there is an estimation of the REML log-likelihood of the model (y-axis).The blue 
vertical line corresponds to the gamma component estimated by the unconstrained model 
(‘Smatrix’). 
 
Figure S8. Best Linear Unbiased Predictors (BLUPS)  for month variation (1-12) effect in the 
mean for daily average speed, POH and home range size for males (A) and females (B)






Chapter 4: Do individuals express the 
same degree of behavioural plasticity in 
response to environmental 
heterogeneity?  
Work in progress on individual plasticity 
 
States-of-the art  
 
An important question in evolutionary biology is how populations cope with environmental 
changes. Individuals may be confronted to fluctuations in spatio-temporal environmental 
heterogeneity, which is a ubiquitous feature of the world, accelerated by human activities. 
This might often lead to fluctuations in risks and resources in the environment. Persistence 
of wild populations relies in part on the behavioural response developed to manage the risk 
avoidance (i.e. car collision, hunting, predation etc.) resource acquisition trade-off (Sih, 
1980). This risk avoidance-resource acquisition trade-off may be more pronounced in 
human-altered landscapes and this might have consequence on individual fitness. Thus, 
there is a need to understand how individuals cope with fluctuations in risks and resources.  
 
One of the mechanisms through which individuals may cope with environmental changes, 
such as fluctuations in risks and resources, is phenotypic plasticity. Plastic traits represent 
key components because they allow individual to match their phenotype to the changing 
environment, particularly in the presence of human induced rapid environmental changes. 
Movement behaviours represent mediators between an individual and its environment and 





thus allow to match to the environmental heterogeneity encountered. The plasticity of 
movement behaviour has been widely investigated at the population-level in the context of 
fluctuating risks and resources. For example, individuals that are hunted are known to adjust 
their movement behaviour to track spatio-temporal variation in the risk avoidance-resource 
acquisition trade-off. This has been demonstrated through changes in vigilance behaviour 
(Benhaiem et al., 2008), movement behaviour (Martin et al., 2015) or space-use behaviour 
(Bonnot et al., 2013). There has recently been increasing evidence of among-individual 
variation in average movement or space-use behaviour (Bonnot et al., 2015; Hertel et al., 
2019; Martin Leclerc et al., 2016; Nilson et al., 2014; Schirmer et al., 2019; Spiegel et al., 
2015, 2017), which may imply differences in survival and reproductive success (Bonnot et al., 
2018; Ciuti et al., 2012; M. Leclerc et al., 2019; Monestier et al., 2015). Surprisingly, the 
among-individual variation in plasticity of movement and space-use behavioural traits has 
been poorly investigated. Yet among-individual variation in phenotypic plasticity is 
increasingly acknowledged (a.k.a I by E or IxE, Nussey et al., 2007) and has been 
demonstrated for behavioural plasticity (Briffa et al., 2008; Dingemanse et al., 2010; 
Dingemanse & Wolf, 2013; Houslay et al., 2018; Serrano‐Davies et al., 2017). It has been 
suggested that the presence of I by E might lead to difference in fitness between individuals. 
For example, Lone (2015) demonstrated that not all individuals can change their habitat-use 
during hunting and that the less plastic individuals were more prone to be shot during 
hunting. This might change our comprehension of population persistence and stability 
(Mathot & Dingemanse, 2015). Furthermore, the presence of I by E is supposed to lead to 
context-specific repeatability and heritability, and hence might have impact on the 
evolutionary dynamics of populations. Thus, to better understand how individuals can cope 
with environmental changes, there is a need to investigate the existence of among-individual 





variation in plasticity and whether it affects the evolutionary dynamics of wild populations.  
 
To date, among-individual variation in plasticity has been rarely investigated for a suite of 
traits in wild population (but see Husby et al., 2010; Robinson et al., 2009). This is surprising 
as it was suggested that between-trait correlations in plasticity have the potential to speed-
up or constrain the adjustment of individuals to environmental changes (Dingemanse & 
Wolf, 2013). Furthermore behaviours are known to form a behavioural syndrome 
highlighted by among-individual covariation between behavioural traits. Thus, it generates a 
clear reason to examine among-individual variation in behavioural plasticity for several traits 
simultaneously. In addition, among-individual covariation between traits may vary with the 
presence of I by E and little is known in wild populations about the sensitivity of behavioural 
syndromes to fluctuating ecological conditions (e.g. temporal changes) and the presence of 
among-individual variation plasticity (but see Houslay et al., 2018).  
Here we investigated (i) if among-individual variation in plasticity (I by E) exists across 
different levels of hunting-risk for four movement and space-use behaviours that play a 
primary role in the risk avoidance-resource acquisition trade-off. (ii) if the presence of I by E 
might cause fluctuations in the among-individual covariation between traits and thus, in the 
behavioural syndrome. We studied a roe deer population inhabiting a human-dominated 
landscape with spatio-temporal fluctuations in risk (e.g. roads, hunting, human habitation) 
and resources (e.g. meadows, wooden, crops). Previous studies demonstrated at the 
population-level, that roe deer modulate space-use, movement and vigilance behaviour 
according to hunting season where there is a high perceived risk (Benhaiem et al., 2008; 
Bonnot et al., 2013; Padié et al., 2015). More recently it been has shown that repeatable and 
heritable variations exist in those movement and space-use behaviours (Gervais et al., 2020). 





In the chapter 2, we demonstrated that space-use and movement behaviours formed a 
behavioural syndrome when investigated independently of context. Furthermore we 
demonstrated within-individual covariation between those traits, indicating that when one 
behaviour changes it is accompanied with changes in other behaviours. Surprisingly nothing 
is known on the existence of individual plasticity in the population while it may impact our 
comprehension of how individual cope with human disturbance.  
Proposed methods  
 
We tested if there is among-individual variation in behavioural plasticity (I by E) in response 
to changes in the hunting risk, for previously assessed movement and space-use behaviours 
(e.g. POH, daily average speed, proximity to roads, home-range size). More details about the 
methods to assess those behaviour are available in chapter 3. In this roe deer population, 
hunting occurs always at the same period every year; from september to february. To test 
for the presence of I by E across hunting and no hunting contexts, we applied a character-
state approach. We treated behaviours expressed in different contexts as separate traits 
linked by a genetic correlation across environments (Falconer, 1952). We defined two 
specific character states for space-use and movement behaviours: hunting-context 
(september to february) and no hunting context (march to august). We fitted a series of 
nested bivariate models with ASREML-R v4.00 (Butler et al., 2009). We partitionned the 
phenotypic variation of traits into among-individual (VI) and within-individual components 
(VR) during (i) the hunting season (ii) and the no hunting season. We also partitionned among 
individual co-variation (COVI) for the trait itself among contexts. As individuals might not be 
simultaneously monitored during hunting and no hunting contexts, we kept individuals that 
were at least monitored 10 months over a year. Thus, some individuals might not have the 





same number of measures in the hunting and no hunting contexts. As a consequence we did 
not allow within-individual covariation between the trait itself across contexts.  
Those character-state models allowed us to estimate the conditional repeatability for a 
specific context as ind²= 
  
      
 with VI corresponds to the among-individual variations for a 
given context, VR corresponds to the within-individual variations for a given context. To aid 
interpretation of covariance components, we also calculated the among-individual traits 
correlations as rI=
    
                          
 with COVI corresponding to among-individual 
covarition between the trait itself expressed in different contexts. To assess the significant 
presence of I by E, we tested if the correlation for a trait between the hunting and no-
hunting contexts (i) was significantly different from zero, by comparing an unconstrained 
model to a constrained model that had a correlation equal to zero and (ii) was significantly 
different from one by comparing an unconstrained model to a constrained model that had a 
correlation of nearly one. Lastly, we tested if there was a difference in among-individual 
variations between the contexts by comparing an unconstrained model to a constrained 
model that had equal among-individual variation between contexts. We compared nested 
models using Likelihood Ratio Tests (LRTs), considering that twice the likelihood differences 
between the unconstrained model and the constrained model followed a Chi² distribution 
with n degree of freedom that were equal to the number of additional parameters 
estimated in the unconstrained model. A lack of I by E means that there is no difference in 
terms of among-individual variation across contexts and that the individual behaviour in one 
context perfectly predicts the behaviour in another context (rI=1).  
Before running bivariate analyses, all behavioural traits were scaled to facilitate 
comparisons. In every model, age-class, sex, and the two-way interaction between sex and 





month were controlled for. Furthermore, we controlled for the type of landscape structure 
(open, mixed, closed) present where the individuals live since we assess changes in space-
use and movement behaviour and that it may solely rely on the landscape structure. 
 In a second time we analysed if the previously detected behavioural syndrome (chapter 2) 
was stable across contexts. We assessed the cross-context among-individual (Imatrix) and 
within individual (Rmatrix) variance-covariance matrix between space-use and movement 
behaviours. We used a series a bivariate models to calculate the Imatrix for a given context 
(hunting and no hunting). Note that if there was no available data for one trait we forced the 
model to include them as zero. This was only the case for daily average speed variable. To 
better understand the consequence of assessing behavioural syndrome during the whole 
year or during a particular context, we kept the same fixed effects as in chapter 2 to 
facilitate comparison. The only difference with previous character-state model is the 
absence of the “landscape structure” fixed effect.  
Preliminary results: 
 
1. Description of the data 
 
For the character state model we kept individuals with a minimum monitoring of 10 months. 
Hence, we had 1055 observations and 98 individuals for POH and proximity to roads, 2022 
observations and 163 individuals for home-range size and 1050 observations and 91 
individuals for daily average speed. Concerning the behavioural syndrome, we kept all 
individuals independently of their monitoring duration to keep coherent with the previously 
estimated behavioural syndrome (chapter two) and as we look for among-individual and 
within individual (co) variation inside a context. We had total of 2228 observations for 244 





individuals among all contexts and 1350 observations for 238 individuals in the no hunting 
context while we had 778 observations for 217 individuals in the hunting context. 
2. Among-individual behavioural covariation among contexts 
 
Repeatability of space-use and movement behaviours were stable for all traits between 
contexts (ind²=0.38±0.04 and 0.41±0.04 for home-range size, ind²=0.50±0.05 and 0.47±0.05 
for POH, ind²=0.27±0.05 and 0.26±0.05 for daily average speed for hunting and no hunting 
context respectively.) The only expection was for proximity to roads during daytime with a 
decrease in repeatability in the hunting context (ind²=0.49±0.05) in comparison with the no 
hunting context (ind²=0.66±0.04). This is due to the significant difference in among-
individual variations between contexts, with a pattern of “fanning in” in the hunting context 
(see figure 1-B and table 1).  
We found that all traits had among-individual correlations significantly greater than zero and 
significantly less than one, hence suggesting the presence of I by E. The only exception was 
for daily average speed for which the correlation among contexts was not significantly 
different from a perfect correlation (0.86±0.09). The smallest correlation between contexts 
was for POH with a correlation of only 0.68 and stable among-individual variance among 
contexts. It clearly indicates a pattern of ranking-difference, indicating that the individuals 
that are more in open habitats during the  no hunting season are not necessarly the same 
ones found in open habitats during the hunting season (see figure 1-A). A similar pattern 
could be observed for home-range size and proximity to roads but with a highest correlation 
coefficient (0.89 and 0.77 respectively, see table 1, figure 1B-D).  
 





3. Cross-context stability of space-use and movement behavioural syndrome  
Extending our approach to the behavioural syndrome, we qualitatively did not find changes 
in the sign and the magnitude of the correlations among contexts. The exceptions were 
between proximity to roads, daily average speed and home-range size. Proximity to roads 
was twice more correlated to home-range size in the hunting context (rI=0.34±0.08) than in 
the no hunting context (rI=0.15±0.08)(table 3). Sample size was smaller in the hunting 
context (n=778 vs 1350). Daily average speed and home-range size did not have the same 
correlation sign and magnitude according to the context but both correlations were not 
significantly different from zero (rI= -0.18±0.15 in the hunting context and rI= 0.09±0.11 in 
the no hunting context). If we compared to the behavioural syndrome estimated in the 
chapter 2 (above all context), there were no qualitative differences. However, we did not 
test statistically the similarity between the matrices and this requires further investigations 
and statistical analyses.  
4. Within individual variation and covariation among traits between contexts :  
Within a context, individual do express changes in behaviour among months. Yet, we found 
no difference of within-individual variation of the traits itself between contexts. The only 
exception was for daily average speed with less consistency for an individual in the no 
hunting context (0.58±0.03) than hunting context (0.37±0.02) (see table 2). Extending to 
behavioural syndrome, we qualitatively find changes in the within-individual correlations 
between traits among contexts (table 4). We found that if an individual increased its 
probability of being in open habitats during daytime it also increased its proximity to roads 
during daytime, yet only in the no hunting context (rW=0.13±0.03 vs -0.02±0.04). All the 
significant within-individual correlations found during in the no hunting context between 
proximity to roads and other traits disappeared during the hunting season. In comparison to 





previsouly estimated within-individual correlation between space-use and movement 
behaviour (chapter 2), we did not found qualitative differences. Estimated correlations 
across all contexts look closer to the estimated correlations during the no hunting season, 
which may be due to the unbalanced sample size between contexts.  
 
Figure 1. Individual predictions (blue line) of the character state model. In the y-axis is (A) 
the prediction of probability of being in open habitats, (B) the proximity to roads during 
daytime, (C) the daily average speed, (D) the home range size. The x-axis represents the no 
hunting (0) and the hunting (1) context.  
  





Table 1. Among-individual variance (grey) and covariance (blue) of space-use and movement 
behaviour according to hunting and no hunting context. The qualification “_NH” and “_H” after 
variables names refers to the variable for no hunting and hunting context respectively. The columns: 
‘Different variance’, ‘Correlation different from zero’ and ‘Correlation different from one’ provide the 
Chi² statistics and p-value to test if, respectively, (i) the among-individual variances are different 
among context, (ii) the correlation with the trait itself between context is significantly different from 
zero, (iii) the correlation with the trait itself between context are significantly different from one. In 
bold are the significant LRT test. 
 
Table 2. Within-individual variance (grey) of space-use and movement behaviour according to 
hunting and no hunting context. The qualification “_NH” and “_H” after variables names refers to 
the variable for no hunting and hunting context respectively. The column: ‘Different variance’ 
corresponds to the LRT test to assess the significance of among-individual variance difference 









Table 3. Among-individual variance and covariance matrices (Imatrix) between space-use and 
movement behaviour according to hunting context (n=778) and no hunting context (n=1350). In 
blue are the among-individual correlations (rI) and their associated Chi²-statistics and p-value, below 
in white are their associated covariances (COVI). Significant among-individual correlations are 
specified in bold.  
 
Table 4. Within-individual variance and covariance matrices (Rmatrix) between space-use and 
movement behaviour according to hunting context (n=778) and no hunting context (n=1350). In 
blue are the within-individual correlations (rW) and their associated Chi²-statistics and p-value, below 
in white are their associated covariances (COVW). Significant within-individual correlations are 










First ideas  
 
Studying among-individual variation in plasticity along fluctuations in risk and resources may 
improve our understanding of how individuals cope with environmental changes. We found 
that individuals are able to respond to environmental changes such as the fluctuations of 
risks through temporal plasticity. We also found some I by E, which suggests that individuals 
do not cope with risk in the same way. In others words, they are not equally plastic. Our 
results however did not suggest that the presence of I by E caused changes in behavioural 
syndromes.  
1. Shift in individual positions among the behavioural gradients 
Bonnot et al., (2013) found that roe deer shifted their space-use according to the hunting 
context, with a reduction of the probability of being in open habitats during daytime at the 
population level. Our results showed that roe deer might not shift their space-use and 
movement behaviour in the same direction or magnitude. In some case, it led to changes in 
among-individual variation between contexts. This sheds light on the potential context-
specific repeatability and thus outlines the necessary caution to take when assessing 
personality variation in natural environments. We found that proximity to roads had higher 
repeatability in the no hunting context because of higher among-individual differences. 
Furthermore, we found that almost all the cross-context correlations were significantly less 
than one for space-use and movement behaviours. The cross-context correlations estimated 
ranged from 0.68 to 0.89, which is more than the estimated cross-context correlations for 
behaviours found in the literature (r < 0.4, Brommer, 2013b). Although it indicates that 





behaviour in one context is a good predictor of the same behaviour in another context, there 
is also evidence that the ranking between individuals might differ between contexts.  
Beyond the roe deer case, space-use is used to index personality traits. Space-use of open 
areas is considered as part of the boldness-shyness gradient and mobility as part of the 
activity gradient (Hertel et al., 2019; Spiegel et al., 2017). Our results showed that with 
spatial behaviours assessed in natural environments, the position of individuals across 
personality gradients (e.g. boldness-shyness gradient) might change with the context. In roe 
deer, presence in open habitats and proximity to human infrastructures during daytime are 
perceived as risks reflected by higher levels of vigilance behaviours independently of the 
hunting context (Benhaiem et al., 2008). Individuals that are more in open habitats during 
daytime are considered more prone to take-risk, namely bold according to the personality 
framework. Our results shed light on the fact that an individual considered more-prone to 
take risks from March to August is not necessarily the same individual prone to take risks 
from September to February. This finding urges caution when drawing conclusion of 
personality-related movement behaviours in natural populations (Hertel et al., 2019; Spiegel 
et al., 2017) and classifying individuals a priori (e.g. bold, shy etc.) (David & Dall, 2016).  
2. Stability of the correlation among traits between contexts  
Despite evidence for among-individual variation in behavioural plasticity in most of space-
use and movement behaviours, we did not find an effect on the behavioural syndrome 
across contexts. Our results suggest that there is cross-context stability of behavioural 
syndromes and that there is no apparent I by E at the multivariate trait level. Our results 
suggest that the hunting context did not decouple the relationship between the among-
individual covariations of traits. Yet some significant among-individual correlations 





disappeared in some context. However it should be noted that the sample size differed 
between hunting and no hunting contexts and that we did not test formally the difference 
between the two Imatrices. It is necessary to go further by assessing the differences 
between matrices and computing 95% confidence intervals (Houslay et al., 2018), or by 
analysing the set of eigenvector and eigenvalues of the Imatrices (Roff et al., 2012).  
Interestingly we found within-individual variation and co-variation among traits between 
contexts. This is not surprising as hunting and no hunting contexts include seasonal patterns 
of environmental conditions (e.g. food availability, weather conditions) or stages of the 
biological cycle (e.g. rut, territoriality). For now, we only analysed the behaviour in two 
different contexts of fluctuating perceived risk (hunting/no hunting). We found difference in 
within-individual variation of daily average speed. Individuals had greater changes in 
behaviour during the no hunting season than the hunting season, which may be due to the 
presence of different biological cycle stages. During the no hunting season occur the 
parturition period for female (May-June), the period of territoriality for males (March-
August) and the rut period (July-August) with females doing reproductive excursion (Debeffe 
et al., 2014). No biological cycle stages occur during the hunting season, which may explain 
the lower within-individual variation. Moreover hunting-risk may also constrain individual 
displacement and thus, may explain the smallest within-individual variation in daily average 
speed.  
Here we investigated fluctuations in risk but there might be fluctuations in resources. There 
is a need to extend our study to more contexts to cover fluctuations in both risks and 
resources. Management of the risk avoidance-resource acquisition trade-off is crucial for 
animal to cope with environmental changes. We suggested in chapter 2 that there might be 





among-individual differences in the way individuals cope with this trade-off. Hence, there is 
a need to understand how individuals manage the fluctuations of both risks and resources to 
better understand the ability of individuals to persist. In our study population, we might 
identify four different contexts, according to Bonnot et al (2018), there might be high risk-
low resource availability from December to February, high risk-medium resources availability 
from mid September to November, low risk-high resources availability from march to April 
and July to mid-September, low risk-very high resource availability from May to June. We do 
not know if we have the statistical power to analyse four different contexts and this requires 
further investigation.  
3. Perspectives : personality-related plasticity and underlying mechanisms 
In the literature it is stated that some personality types are more prone to have a high 
degree of behavioural plasticity than others types. While we found both among-individual 
variations in mean behaviour and in behavioural plasticity, we do not know if they are 
correlated. The use of random regression models (Schaeffer, 2004) might help us to 
determine if there is personality-related plasticity (slope-intercept covariance). It would 
imply that behavioural plasticity is linked to personality types and that some genotypes are 
more plastic than others. In general it is stated that individuals more passive facing stressful 
situations rely more on the external cues and are more plastic than individuals that are 
active facing stressful situations and stuck in routine behaviour (see Coppens et al., 2010 for 
a review). Behavioural plasticity might be an intrinsic property of individuals which might be 
susceptible to evolve. Our results demonstrated the existence of among-individual variation 
in behavioural plasticity and this suggests a potential for heritable variation in plasticity (i.e. 
G by E). It has already been demonstrated in the literature. For example, Araya-Ajoy & 
Dingemanse (2017) demonstrated that seasonal plasticity in the aggressiveness of great tits 





had a repeatability of 0.52 and a heritability of 0.27. The presence of I by E may also arise 
from differences in responsiveness to environmental stimuli or in the way individuals 
perceive risks or individual past experiences (Brommer, 2013a; Nussey et al., 2007; Senner et 
al., 2015). Yet mechanisms underlying individual plasticity are still poorly investigated in wild 
populations, which is certainly due to the difficulty to combine multiple observations 
through the years and information about genetic relatedness. The recent combination 
between genome-wide data and biologging technologies offers great opportunities to 
understand if among-individual variation in reversible plasticity might evolve in response to 
natural selection.  
We found a context-specific repeatability for proximity to roads, which might have the 
potential to drive context-specific heritability (Dingemanse & Wolf, 2013). In chapter 2 and 
3, we demonstrated that space-use and movement behaviour were repeatable and heritable 
and thus, have the potential to evolve in response to selection. This was done without 
considering that individuals are confronted to temporal fluctuations. Context-specific 
heritability would imply that the evolutionary consequences of selection on space-use and 
movement behaviour would depend on time of year in which selection might be acting 
(Nussey et al., 2007). We thus need to further investigate if there might be context-specific 
heritabilities to understand if it might impede our previous evaluation of the evolutionary 
potential to respond to selection of this wild roe deer population.  
Preliminary conclusion  
 
Our study highlights the importance to consider among-individual variation in reversible 
plasticity for movement and space-use behaviour to better understand the ability of wild 
populations to cope with environmental changes, such as fluctuation in risk. Most studies 





focus on the population-level plasticity of movement behaviour. Here we demonstrated that 
individuals do not cope at the same rate with hunting-risk through movement and space-use 
behaviours. There is a need to know if those differences might influence the survival of 
individuals. The next steps will be to extend our study to both fluctuations in resources and 
to investigate (i) if individual plasticity itself is heritable, (ii) if individual plasticity influences 
the heritability of behaviour and (iii) if individual plasticity influences correlations among 
traits.  
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To understand how wild populations cope with environmental changes, it is necessary to 
know whether individuals can respond through changes in environments or changes in 
phenotypes and if these changes are plastic and/or genetic. Answering this question requires 
quantifying the genetic (co)variance of fitness-related traits in natural habitats and their 
environmental variation (Falconer & Mackay, 1996). Historically, these measurements have 
been obtained on the grounds of quantitative genetic approaches based on 
multigenerational pedigrees. This restricted investigations to a limiting number of species in 
the wild where most of the time morphological and life-history traits were considered 
(Pemberton, 2008). In the absence of a large background of information, our understanding 
of the mechanisms underlying the variation of behavioural traits in wild populations is 
limited. This PhD thesis contributes to bringing additional information on this topic. Our 
findings on movement behaviour in the wild allowed us to explore the mechanisms involved 
in the interaction between roe deer and its spatially heterogeneous environment. My 
objective was to clarify – to some extent – the complex role that the environment plays in 
the shaping of phenotypic variation, in particular when it is partly confounded statistically 
and biologically with genetic variation. The effects of environmental heterogeneity in 
shaping phenotypic variations have been widely studied but their investigation within a 
quantitative genetic framework in natural habitats remains challenging, as illustrated by my 
PhD findings.  
In chapter 1, I have addressed the problem of our limited ability to quantify the genetic 
variation of fitness-related traits in free-ranging populations without access to a 





technologies (i.e. genomic and biologging technologies) within a quantitative genetics 
framework, I demonstrated in chapter 2 and 3 that morphological traits, movement and 
space-use behaviours have the potential to respond to selection. I also found that 
movement and space-use behaviours have the potential to express a plastic response (figure 
9 for a synthesis, chapters 3 and 4). These findings provide an indication that roe deer 
harbour potential for genetic and plastic change, which is not surprising when considering 
their potential to persist, up to now, when confronted to environmental changes. However, I 
also highlighted in chapter 3 that considering shared habitat composition between relatives, 
an outcome of habitat choice, as a source of bias when estimating the genetic variation of 
traits is an oversimplification. The link between the intrinsic biology of roe deer and their 
extrinsic habitat is more complex than that and it would be interesting to consider their 
habitat compositions as a part of their “extended phenotype” (Dawkins, 1982) 
This PhD can be seen as a step towards a roadmap of the beneficial and detrimental impacts 
on roe deer fitness of human activities (e.g. hunting, agricultural practice, road traffic) in the 
context of heterogeneous agricultural landscapes. This is also an additional prerequisite to 
understanding the maintenance of personality variation and their underlying genetic 
variation. More generally, it also sheds light on the high synergy between emerging 
biologging and genomic technologies to assess evolutionary potential in any virtual species. 
After combining the findings of my PhD, it appeared clear to me that one must consider the 
questions surrounding our ability to correctly deal with such complex traits (i.e. movement 
and space-use behaviour) in uncontrolled environmental conditions (i.e. natural habitats). 
Although these questions might remain unanswered for a while in wild population, I believe 






Figure 9- Synthesis of the main results of the thesis. To understand the capacity of population to 
deal with environmental changes, there is a need to study movement behaviour as it is often one the 
first response to mediate environmental heterogeneity.Particularly; there is a need to understand if 
there could be genetic and plastic response in movement behaviour. The dashed rectangle contains 
the methodological requirement to answer to this question. The black rectangle contains the 





1. Spatial behaviour is underlain by complex mechanisms in the 
wild  
a) Multiple mechanisms of behavioural phenotypic resemblance 
between relatives  
 
Studying movement, space-use and habitat-choice in the natural habitat where organisms 
evolve is essential to correctly assess “natural” behaviours (i.e. unconstrained by 
experimental design). Yet in the wild, it is difficult to decompose adequately the genetic and 
environmental variations underlying spatial behaviours. Phenotypic resemblance in 
behaviour between relatives might be caused by several non-genetic mechanisms, which 
can impede our ability to estimate the evolutionary potential of a given population. For 
example, the behaviour of relatives might be similar because of learning, social 
transmission, maternal care (i.e. maternal effects) or exposure to a similar environment. 
Little is known about the contribution of learning and social contacts to the phenotypic 
resemblance of relatives and its effect on estimates of evolutionary potential. In contrast, 
maternal effects are known to account for 15% of the phenotypic variation of morphological 
traits and for less than 10 % of behavioural trait variation (Moore et al., 2019, for a review). 
We did not quantify maternal effects. This is likely to bias upward our estimates of trait 
additive genetic variance. Using a Genomic Relatedness Matrix offers the possibility to 
reconstruct the pedigree and therefore to identify maternal identity (Huisman, 2017) and 
estimate maternal effects. However in this roe deer population, it was not possible due to 
an insufficient sampling intensity and the small number of maternal identities retrieved (see 
annexe 1). In this thesis, we demonstrated that shared environments (i.e. similar habitat 





result was found by Stopher et al., (2012) in a wild red deer population. This might result 
from limited dispersal in spatially heterogeneous environments that cause related 
individuals to share a similar environment. This environmental resemblance between 
relatives might be the outcome of several non-exclusive mechanisms such as a genetic basis 
of habitat choice, maternal effects through imprinting, maternal effects through genetics. 
Methodological approaches allow us to disentangle multiple sources of phenotypic 
resemblance (multiple matrix animal model, Thomson et al., 2018). However if genetic and 
environmental variation are biologically confounded in the population, it will not be possible 
to separate them statistically. Particularly some variation traditionally considered as a 
source of “non-genetic variation” might actually itself have a genetic basis (i.e. social 
behaviours, habitat composition), as we try to demonstrated in the chapter 3. It would be 
interesting to investigate the prerequisite to disentangle environmental similarity from 
genetic relatedness effects in wild populations according to different biological systems and 
sampling design (e.g. different dispersal rate and distance and environmental heterogeneity 
grain). In wild populations, differentiating environmental from maternal and genetic 
similarity will always be difficult and potentially induce a bias in the estimation of their 
evolutionary potential. To evaluate the evolutionary potential of populations in their natural 
habitat, it might be necessary to combine experimental (translocation, cross-fostering) 
(Niemelä & Dingemanse, 2017) and natural designs to correctly disentangle the possible 
mechanisms shaping spatial behaviour. This outlines the non-surprising complementarity of 
lab & field-based studies (Wilson & Poissant, 2016). Experiments are difficult to design on 
roe deer. Furthermore, spatial behaviours are constrained by experimental settings which 
lead to serious biases. Hence we might think about how to correctly assess the evolutionary 





b) Indiscernible sources of phenotypic resemblance between relatives: 
does it really impede evolutionary potential?  
 
Disentangling genetic and non-genetic sources of parent-offspring resemblance is central to 
understanding if selection can cause evolution. Yet, natural selection may act on non-
genetic variation as long as this variation provides some fitness benefits and is transmitted 
to the next generation (i.e. non-genetic inheritance, Danchin et al., 2011). For example let us 
visualise a genetically identical population of butterflies where bigger size provides a fitness 
benefit, with bigger individuals surviving and reproducing more. These butterflies choose a 
particular habitat to lay eggs because of imprinting. One butterfly accidentally lays eggs on a 
new plant recently introduced. It turns out that this new plant, due to higher nutritional 
properties, gives bigger offspring that will survive and reproduce more. The offspring will lay 
eggs on this plant because of imprinting and also give birth to bigger offspring. After several 
generations, it is likely that the butterflies laying eggs on this new plant will have increase in 
numbers by means of selection. Hence, natural selection will have led to an increase in the 
body mass of butterflies by acting on its non genetically inherited component (example 
adapted from Mameli, 2004).  
Evidences for non-genetic inheritance are accumulating, it may encompass: cultural, 
epigenetic, social, microbiota, ecological or parental inheritance (Danchin et al., 2011, 2019; 
Danchin & Wagner, 2010). Behaviour might contribute to non-genetic inheritance because 
of parent-offspring resemblance through learning, social transmission, cultural transmission, 
territory transmission, all of which are behavioural traits. Hence, to understand how 
organisms might cope with environmental changes through behaviour, it is necessary to 





evolutionary potential. The role played by non-genetic inheritance in the evolution of 
phenotypes in wild populations, remains however unknown because empirical approaches 
in the wild are lacking (Danchin et al., 2011; Pujol et al., 2018). Decomposing genetic and 
non-genetic similarity is important because their confusion might have a different impact on 
evolutionary dynamics. New genomic and epigenomic technologies might be an opportunity 
to provide some clarifications on the molecular mechanisms associated with the genetic and 
non-genetic inheritance of behaviour (i.e. epigenomics (e.g. ChiP-Seq) Bengston et al., 
2018). 
Considering non-genetic inheritance also allows us to rethink the role of the natural habitat 
in evolutionary dynamics. Traditionally, the environment is considered as a criterion that 
may trigger or modify selection but that is not in itself part of the evolutionary process. We 
found that roe deer that shared genes also shared a common environment and it might be 
the consequence of imprinting or Natal Induction Habitat Preference (Davis & Stamps, 
2004).Juveniles spend around one year with their mother before becoming independent 
and establishing their home-range. It is likely that this early experience influenced the later 
habitat choice. Hence the Natal Habitat Induction Preference, may cause the non-genetic 
inheritance of habitat choice but also the non-genetic inheritance of several plastic traits 
affected by the natal habitat. Habitat choice is likely genetically and non-genetically 
transmitted. Separating these different mechanisms might have a fundamental importance 






c) Habitat choice: an overlooked complex problem in quantitative 
genetics  
 
Behaviours have been repeatedly shown to have a genetic basis (Dochtermann et al., 2014, 
2019; Postma, 2014; Stirling et al., 2002; Van Oers & Sinn, 2013) and to modify the 
environments where individuals settle and live (Davis & Stamps, 2004; Edelaar et al., 2008, 
2017; Morris, 2003). Due to the reciprocal influence between individual spatial behaviour 
and its environment, it can be challenging to disentangle the relative genetic and 
environmental components driving variation in spatial behaviours. In chapter 2, I 
demonstrated that movement and space-use behaviour harboured a substantial level of 
genetic variation and that they were highly correlated to the habitat composition (chapter 
3). Among-individual differences in habitat composition were associated with genetic 
variation (chapter 3). Space-use and habitat composition were significantly genetically 
correlated (although large standard errors were associated with the estimates, 
supplementary analysis chapter 3). Collectively, these results suggest that habitat choice in 
the roe deer has a genetic basis. Genetic basis of habitat choice might be responsible for the 
pattern of gene-environment covariance found in the chapter 3. Yet environmental versus 
genetic causality in habitat choice can be questioned because of this gene-environment 
covariance.  
Habitat choice is one of the potential responses of species confronted to global changes 
(Edelaar et al., 2008, 2017). Experiments by Jacob et al., (2017) showed for example that 
habitat-choice in Tetrahymena thermophile facilitates local adaptation. Several genetic and 
environmental mechanisms can shape changes in habitat choice. Yet, their consequences on 





particular climate warming, earlier spring temperatures lead to an earlier bloom of plants 
that generates a mismatch between the availability of food resources and the peak of 
energy requirement to raise new born roe deer. In contrast to some bird or mammal species 
that can adjust to plant phonologic changes by phenotypic plastic responses(Bonnet et al., 
2019 and Moyes et al., 2011 in red deer ; Charmantier et al., 2008 in great tit;  Réale Denis 
et al., 2003 in red squirrel), roe deer are not able to adjust (Gaillard et al., 2013; Plard, 
Gaillard, Coulson, Hewison, Delorme, Warnant, & Bonenfant, 2014). Female parturition rate 
dates show high consistency across years (Plard et al., 2013; Plard, Gaillard, Coulson, 
Hewison, Delorme, Warnant, Nilsen, et al., 2014), which has consequences on fawn survival 
and female fitness, and ultimately on population recruitment and demographic dynamics. In 
the absence of change in the parturition date, changing the environment by choosing new 
habitats where the vegetation is suitable might be an opportunity (Gaillard et al., 2013). My 
PhD findings demonstrated that roe deer were able to modify their space-use (i.e. usage of 
the different habitats) according to changes in contexts (i.e. plastic response) and had the 
potential to evolve different space-use through genetic changes (microevolutionary 
response). We suggest that the choice of a new environment (that might be expressed by 
different space-use), one of the response to environmental changes, might itself changes 
through plastic and genetic responses.  
A possible consequence of space-use changes allowing roe deer to track resources and 
avoid risk is that they might influence their own evolution by selecting the environmental 
demand and consequently disrupting selection. A theoretical framework was proposed 
recently to consider this feedback loop in the habitat choice response. It was proposed to 





choice response (e.g. habitat choice, social environment, diet choice etc.) and take into 
consideration their interplay (Edelaar & Bolnick, 2019). They distinguished four 
combinations of responses that are likely to interact (see figure 10 below), one at the 
population-level: natural selection and three at the individual-level: suitable environment 
choice (‘selection of environment’ in the figure 10), adjusting through phenotypic plasticity 
(‘phenotypic change’ in the figure 10) and adjustment of the environment.  
 
Figure 10-Classification of the distinct processes to improve fitness, proposed by Edelaar & Bolnick 
2019. This figure has been extracted from Edelaar & Bolnick 2019. Double-headed arrows represent 
the interaction between the different responses. Red arrows represent the feedback between the 
different responses.  
 
They claim that these responses should be clearly distinguished for future studies. Although 
I agree that those responses interact, I do not think that distinguishing the “trait” from the 
“environment” is sufficiently representative of biological mechanisms at play. Environment 
choice and environment adjustment can be considered as behaviours and be defined as 
traits that can change through a genetic or a plastic response. Some confusion about the 
“selection of the environment” might be generated because it can be based on different 





& Porter, 2017). The Edelaar & Bolnick (2019) framework has the benefit to revisit the active 
role of individuals in their own evolutionary dynamics through environment choice, such as 
habitat choice. Empirical investigation on the role of habitat choice in evolutionary dynamics 
might quickly expand. For example Clark et al., (2019) demonstrated in a meta-analysis, a 
weaker directional selection as a reduced temporal and spatial variation in selection due to 
habitat choice by individuals. To date, theoretical frameworks have emerged (Edelaar et al., 
2017; Edelaar & Bolnick, 2019; Laland et al., 2017; Nicolaus & Edelaar, 2018) but empirical 
studies are missing. In their absence, reintegrating and clarifying the complex role of habitat 
choice in the evolutionary dynamics of populations remains abstract and confusing. 
Moreover, I would argue that it is necessary to distinguish the underlying genetic and plastic 
components of habitat choice if we want to clarify what is concretely happening in terms of 
ecological and evolutionary feedback loop in wild populations.  
After the investigation made during this PhD work, the conclusion is that theoretical 
frameworks such as the one presented above can be difficult to apply in the wild. In the light 
of our results, I think that the distinction between genes and environment is almost 
impossible in wild populations where habitat choice occurs. It may however be possible to 
clarify some of the mechanisms underlying habitat choice. To this aim, one additional 
research track might be to use a Genome Wide Association Study (i.e. GWAS) to investigate 
the association between SNPs and phenotypic variation. Despite the great expansion of 
technological and methodological tools, the rate and the distance of dispersal might 
nevertheless limit our ability to disentangle the genetic and environmental components of 
space use, and habitat choice, in the wild. Another research track would be to investigate 





analyse phenotypic variation before habitat fixation (i.e. before dispersal) and to compare 
the results with the results obtained after dispersal. Collecting a sufficient amount of data 
on individuals across their life would however require long-term surveys.  
2. Maintenance of additive genetic variation in a heterogeneous 
landscapes 
 
One of the aims of this thesis was to get reliable estimates of evolutionary potential of 
fitness-related traits. We demonstrated that large numbers of behavioural and 
morphological traits harboured a substantial level of additive genetic variation and thus, 
have potential to respond to selection (see table 1 below for a synthesis). It raises the 
question of what maintains additive genetic variation (Hedrick, 2006), since selection is 
expected to reduce genetic variation due to removal of deleterious alleles. These findings 
are in accordance with the general conclusions that genetic variation is widespread and 
abundant (Wilson & Poissant, 2016) and that it is not, in general, the limiting factor for a 
microevolutive response.  
Table 1- Synthesis of the heritability and evolvability, and their associated standard errors, found 
in this thesis. 
Categories Traits Heritability Evolvability 
Morphology 
Body mass 0.47(0.13) 0.9(0.3)% 
Hind foot length 0.43(0.13) 0.06(0.02)% 
Physiology 
NL ratio 0.16(0.15) 4.3(4.2)% 
Body temperature 0.32(0.16) - 
Behaviour 
Docility 0.17(0.12) - 
Presence in open 
habitats during day time 
0.41(0.10) - 
Distance to roads 0.70(0.11) 1.1(0.2)% 
Daily average speed 0.21(0.08) 2.4(0.9)% 





While we did not directly investigate the mechanisms that might be responsible for 
maintenance of additive genetic variation, plethora of mechanisms may be at play in our 
study system. Environmental heterogeneity is an important feature that might be 
responsible for several mechanisms explaining maintenance of additive genetic variations 
(Hedrick, 2006).  Environments are variable in time and space and thus, no phenotype might 
be optimal at every moment. Environmental heterogeneity might be responsible for spatial 
and temporal fluctuations in the strength and in the direction of selection, with some 
phenotypes being optimal in particular environment. Thus, different genotypes might be 
favoured in different types of environments, hence explaining maintenance of additive 
genetic variation. In the same roe deer population, Bonnot et al., (2018) and  Monestier et 
al., (2015) demonstrated that there was a habitat-specific survival of offspring and 
ultimately, reproductive success according to behavioural phenotypes. Furthermore, 
hunting intensity might vary in time and space and can act as an important selective 
pressure on behaviour (Leclerc et al., 2017). Collectively, this might cause fluctuating 
selection, with some behavioural types differently selected across time and space. 
Ultimately this might generate a pattern of spatial segregation of phenotypes and 
genotypes across the environment as we found in the chapter 3. Fluctuating selection have 
already been hypothesised and demonstrated to partly explain the maintenance of 
personality variations (Dingemanse et al., 2004; Dingemanse & Wolf, 2010; Quinn et al., 
2009; Réale & Festa-Bianchet, 2003). Yet patterns of fluctuating selection remain to be 
tested in this roe deer population. This would require the investigation of fitness landscapes 
(i.e. the relationship between fitness and genotype or phenotype)(Wright, 1932) and 





difficult to properly measure fitness components on a sufficient number of individuals in this 
roe deer population.  
 Selection on correlated traits might also be responsible for maintenance of additive genetic 
variations (Merilä et al., 2001). In chapter 2, we demonstrated that behavioural traits are 
not independent and that they form a behavioural syndrome. Our preliminary results 
suggest that this syndrome is partly due to the underlying additive genetic covariations 
between behaviour. It implies that different behaviours may not evolve independently, 
hence it may constrain the pace and the direction of evolution (Lande & Arnold, 1983), and 
ultimately help the maintenance of additive genetic variations. Indeed, Dochtermann & 
Dingemanse (2013) demonstrated that behavioural syndrome might reduce the 
evolutionary response by an average of 33%, in comparison to an average of 13-18% for 
correlation between life-history or between morphological traits. Further investigations are 
needed in the roe deer population to assess the evolutionary constraints, for example by 
investigating the autonomy of the population (i.e. the ability of a population to respond in 
multivariate space relative to the response in the absence of correlations, Hansen & Houle, 
2008).  
Another mechanism that might explain the maintenance of additive genetic variance is the 
phenotypic plasticity. In chapter 4, we demonstrated that there is individual-by-
environment interaction, particularly that individuals react differently facing hunting 
context. If this among-individual variation in plasticity is underlain by additive genetic 
variance (e.g. Araya-Ajoy & Dingemanse, 2017; Dingemanse et al., 2012) this can also help 
to explain maintenance of additive genetic variation as magnitude and direction of selection 





Genetic variation in habitat choice in heterogeneous environment might also be responsible 
for maintenance of additive genetic variation (Hedrick, 1990; Ravigné et al., 2004). Indeed it 
means that there would be different genotypes in different habitats and hence it may help 
the maintenance of additive genetic variation. Although we did not directly demonstrate 
that there is genetic variation in habitat choice, we demonstrated that there might be 
genetic variation in habitat composition which is an outcome of habitat choice. 
Furthermore, when we calculated the heritability of presence in open habitats during 
daytime while controlling for the percentage of open habitats available in the home-range 
(i.e. habitat choice) we still found a significant estimate of h² = 0.33±0.09. This is indicative 
of genetic variation in habitat choice.  
Other biological mechanisms than fluctuating selection, genetic correlation, phenotypic 
plasticity and genetic variation in habitat choice, might be at play to explain maintenance of 
additive genetic variation (e.g. indirect genetic effect, age-specific response, Merilä et al., 
2001; Pujol et al., 2018). It is rather a combination of complex biological mechanisms that 
act together to explain maintenance of additive genetic variations and thus, evolutionary 
potential. Environmental heterogeneity is an important feature that might influence 
fluctuating selection, individual plasticity, behavioural syndromes and thus, ultimately 
maintenance of additive genetic variations. In a human-dominated landscape, 
environmental heterogeneity is susceptible to be modified at a rapid pace. Ultimately, it 
may alleviate the constraints that environmental heterogeneity exerted on the additive 
genetic variance and changes the prediction about evolutionary potential of populations 
(Pujol et al., 2018). Thus, assessing evolutionary potential across environmental 





3. Extended Pace-Of-Life-Syndromes:  an integrative view  
 
Behaviour is an interesting subject because it allows us to have a broad perspective on how 
populations can cope with environmental changes. We found that behaviour is correlated 
with the habitat composition and that habitat composition is susceptible to modify a suite 
of traits because of developmental or reversible plasticity. Indeed, we found that habitat 
explained a large part of between-individual variations in morphology and physiology (see 
annexe 2). Habitats will also determine the selective pressure organisms will have to face 
and therefore will affect the genetic change of several phenotypic characteristics 
(physiology, life history traits, morphology, and behaviour). During my PhD work, I found an 
additive genetic, permanent environmental and habitat composition effect on 
morphological, behavioural and physiological traits. Thus, behaviour is susceptible to have 
co-evolved with other non-behavioural traits. This is in line with the Pace-Of-Life-Syndromes 
framework (Réale et al., 2010). The Pace-of-Life framework is based on the life-history 
trade-off theory that states that resources and time are limited and that individuals cannot 
maximise their allocation simultaneously in two traits (De Jong & Van Noordwijk, 1992; 
Stearns, 1989). One of the most known life-history trade-offs is between survival and 
growth rate. Different strategies might take place to cope with this trade-off and ultimately 
lead to different pace-of-life (Ricklefs & Wikelski, 2002). There is a continuum of pace-of-life 
ranging from weak growth rate associated with high survival to high growth rate associated 
with low survival. Recently the hypothesis that those pace-of-life (e.g. high survival, weak 
growth rate) exist within a population and have co-evolved with among-individual 
differences in behaviour (a.k.a Pace-Of-Life-Syndromes (POLS), Réale et al., 2010) has 





lower survival but a higher energy acquisition which may be associated with a high growth 
rate or early reproduction. Thus, the POLS framework allows to integrate behavioural, 
physiological and life-history traits. It allows studying co-variation at different levels 
between phenotypic, genetic, and permanent environmental effects. Yet, conclusions are 
not unanimous concerning the existence of a POLS (Dammhahn et al., 2018; Royauté et al., 
2018). Some studies found no or weak covariation between among-individual differences in 
behaviour and life-history or physiology traits (White et al., 2016; Kluen, Siitari & Brommer, 
2014; Royauté et al., 2015; Niemelä et al., 2013) while others found opposed associations 
between traits than the assumed one.  
In our studied population, our results suggest the existence of a POLS. It has been previously 
demonstrated that heavier individuals that have a fast pace of life give birth earlier and have 
a higher growth rate than individuals with smaller body mass (Plard, Gaillard, Coulson, 
Hewison, Delorme, Warnant, Nilsen, et al., 2014; Denailhac 2016, unpublished study). Some 
preliminary results (see annexe 3) also revealed co-variations between movement, space-
use behaviour, habitat composition and bodymass. Interestingly I found a change in the 
strength of the correlation according to the context of hunting versus no hunting. In the 
absence of hunting, individuals that have less refuges, more human-infrastructures, and 
more spatial-heterogeneity in their home-range and were more mobile and closer to roads 
during daytime, were heavier. Yet most of those covariations were not maintained during 
the hunting context. As a result, a null correlation could be found when considering the full 
dataset and mixing these two hunting contexts (see annexe 3). Although it may be due to 
different sample sizes between the two contexts, it is highly likely due to the high quality of 
the resources in open landscapes that are only present during the no hunting context and 





there was covariation between behavioural traits, habitat-composition, immunity and 
parasitism. Individuals that were more active when confronted to stress events (i.e. 
proactivity) were those more present in open habitats, more infected by a cat parasite 
(Toxoplasma gondii) and used less innate immune response. On the contrary, individuals 
more passive when confronted to stress events were more present in closed habitats and 
more infected by a tick parasite.  
Collectively, these findings stress the importance of environmental heterogeneity at the 
spatial scale (e.g. habitat composition) as well as the temporal scale (e.g. hunting/no 
hunting context) to determine patterns of co-evolution between traits. In the POLS 
framework, it is stated that the syndrome depends on the local environment (Montiglio et 
al., 2018). Indeed, Dubuc-Messier et al., (2017) demonstrated the important role of 
ecological conditions in the POLS of blue tits populations inhabiting contrasting habitats. 
Surprisingly, at the population-level it has been assessed most of the time without the 
complexity of environmental heterogeneity (but see Montiglio et al., 2014, Polverino et al., 
2018). This might be responsible for the disparity found in the literature concerning the 
existence of the POLS. In chapter 3, we suggested that there are genetic correlations 
between phenotypes and habitat composition. It means that (i) there might be a direct 
genetic correlation between habitat composition and other phenotypic traits, with genes 
implied in habitat composition also implied in other phenotypic traits (ii) there might be 
genetic variation underlying habitat composition leading individuals to experience different 
environment which in turns influence phenotypic traits (iii) habitat composition may 
influence the expression of phenotypic traits (genetic or not) through phenotypic plasticity. 
Our results emphasize the need to extend the POLS to incorporate habitats, for example 










Habitat composition and movement are known to influence resources acquisition and thus 
ultimately life-history traits. Habitat composition, space-use and movement may therefore 
co-evolve with the pace-of-life. Hence, extending the Pace-of-Life syndromes with habitat 
choice or composition, would allow us to obtain a clearer representation of the mechanisms 
that might explain maintenance of phenotypic variation. Phenotypic (co)variations in the 
POLS should also be investigated at the genetic and permanent environmental level, so that 
we can have an integrative view of how organisms may respond to environmental changes 
(plastic, genetic or environmental responses). Identifying the mechanisms underlying 
Figure 11- Schematic representation of the integration of habitat and environmental heterogeneity in the 
Pace-of-Life-Syndromes framework. There might be a change in the local environment of individuals that 
might be due to the environmental heterogeneity or to habitat choice (at multiple scales). This would change 
the selective pressure encountered in the environment. This new environment might have developmental 
effects (irreversible plasticity), transient effects (reversible plasticity) or might select for a suite of traits. This 






phenotypic variation in association with the spatial heterogeneity would allow us to 
understand if the POLS is a fixed syndrome or a plastic syndrome and thus, add a layer of 
knowledge on the mechanisms that are responsible for the maintenance of phenotypic 
variation in wild populations.  
In conclusion, there is a need to accumulate studies on POLSs assessed among different 
environmental gradients (Montiglio et al., 2018). The quantitative genetics framework, and 
in particular the use of multivariate models and reaction norm models, may help to 
investigate it. In this roe deer research program, it was a challenge to gather repeated 
behavioural observations, relatedness data and habitat information. The synergy between 
biologging and genomic data paves the way for such extended Pace-of-Life-syndromes. 
Henceforth there is a need to render the use of genomic tools more accessible by 
investigating their statistical power and by developing tutorials to encourage their use.  
Conclusion:  
 
Roe deer wild populations are some kind of ecological success. Historically a forest-dwelling 
species, the presence of roe deer in meadows and fields is common today. Our results shed 
light on the fact that this might persist through time. Roe deer are able to respond to 
selection through genetic changes. They are also able to express different degrees of 
behavioural plasticity in space-use and movement behaviour. Many questions remain, but I 
hope that this PhD work will have provided the foundation for further studies in this 
biological system. I also hope that it will pave the way for comparative studies among 






It seems intuitive that natural habitats are tightly linked to the organisms that inhabit them 
and play a major role in their evolutionary dynamics. To date, this role remains unclear. 
With the development of new biologging and DNA sequencing technologies, the assessment 
of the evolutionary potential of wild populations in their natural habitats will become more 
frequent. This will fuel more reflections on the importance of space-use, habitat choice and 
other behaviours and their underlying genetic and environmental mechanisms (Akcali & 
Porter 2017). I hope this thesis will help reflecting on how to further incorporate the 
habitat, from a practical point of view, in the evolutionary dynamics of wild populations.  
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Annexe 1. Pedigree reconstruction with SNPs markers  
 
For information purposes only, we rebuilt the pedigree based on SNP-markers. We used the 
R-package SEQUOIA (Huisman, 2017 Mol Ecol Res). To make the parentage inference, we 
selected 400 markers with a MAF (Minimum Allele Frequencies) of 0.4.  The rebuilt pedigree 
included 334 individuals, 29 fictive mothers and fathers. Fictive individual are build for (half) 
siblings sharing the same non-genotyped parents. All the known field mother-offspring 
relatedness were confirmed by the reconstructed pedigree (n=5). At the sight of the small 
number of retrieved mothers, it was not possible to test any maternal effects during my 
thesis. Yet we have microsatellites data on much more individuals and it might be possible 
to rebuild a combined pedigree with microsatellites and SNPs markers. It should be noted 
that we do not know the exact age of the individuals in the roe deer population of Aurignac 
and it might be an issue to identify the possible links between individuals.  
Summary of the pedigree statistics: 
Mothers: 99 of which 11 are fictives - Fathers: 84 of which 18 are fictives - Full sibs: 22 - 
Maternal sibs: 80- Maternal half sibs: 58 -Paternal sibs: 106- Paternal half sibs: 84 
Maximum pedigree depth: 3  
Figure 5- Graphical representation of the 










Annexe 2. Environmental similarity and the ratio NL Proportion of variance explained 
by additive genetic (h²), permanent environmental (pe²), environmental similarity (n²) (‘Smatrix’) 
and residual effect (e²) for physiological data (NL ratio).  For more informations about NL ratio are 








Annexe 3.  Among individual correlations between space-use, movement 
behaviour and habitat composition and their associated standard errors. The 
correlations are estimated for different dataset (i) No hunting context (NH, in grey), (ii) Hunting 
context (H) and (iii) Full (any context). Body mass is only assessed once a year while space-use, 
movement behaviour and habitat composition are assessed several times a year. Thus, we did not 
allow within-individual correlations between the traits. The models controlled for the interaction 
between class-age and sex for body mass and the interaction between sex and month for spatial 
behaviour and habitat composition. 
 
Among-individual correlations with 
body mass 
Daily average speed NH 0.21 (0.093) 
Daily average speed H -0.057 (0.107) 
Daily average speed Full 0.018 (0.10) 
Home range size NH 0.011(0.089) 
Home range size H -0.062 (0.085) 
Home range size Full -0.020 (0.076) 
Distance to roads size NH -0.123(0.074) 
Distance to roads size H -0.079(0.074) 
Distance to roads size Full -0.086 (0.071) 
POH NH 0.043(0.078) 
POH H -0.0125(0.081) 
POH full 0.011 (0.748) 
Pmeadow NH -0.002 (0.074) 
Pmeadow H -0.076 (0.076) 
Pmeadow Full -0.038 (0.072) 
SIDI NH 0.139 (0.074) 
SIDI H 0.106 (0.077) 
SIDI Full 0.108 (0.071) 
PHI NH 0.144 (0.074) 
PHI H 0.103 (0.078) 
PHI Full 0.11 (0.072) 
Prefuge NH -0.158 (0.071) 
Prefuge H -0.081 (0.070) 






Assessing evolutionary potential in the wild: biologging technologies meet genome-wide 
data in a roe deer population 
To understand how wild populations cope with environmental changes it is necessary to know:  their 
evolutionary potential to respond to selection, whether individuals can adjust their phenotypes by 
means of phenotypic plasticity, and whether individuals can change or adjust their environments. 
Answering this question requires quantifying the genetic (co)variance of fitness-related traits in the 
wild, which has traditionally been done using the quantitative genetics framework. By including 
movement and space-use behaviours in this framework, this work has the potential to improve our 
understanding of wild populations response to environmental changes, because movement is often 
one of the first behavioural responses to mediate environmental heterogeneity. Little is known 
about the evolutionary potential of spatial behaviour in the wild in comparison to other fitness-
related traits (e.g. morphological or life-history traits). This might certainly be due to the difficulty to 
combine spatial behaviour data with genetic data in wild populations. Here, we extended the 
quantitative genetics framework to investigate the evolutionary potential of spatial behaviour in the 
wild by combining high throughput data technologies (i.e. genome-wide data and biologging). My 
objective was to clarify – to some extent – the complex role that the environment plays in shaping 
the phenotypic variation, by studying a free-ranging roe deer population inhabiting a human-
dominated landscape that has been extensively modified by human activities such that high quality 
foraging resources occur in locations where human disturbance is also high. Hence, understanding 
mechanisms underlying the management of risk avoidance-resource acquisition trade-off by roe 
deer is essential to understand their ability to persist facing environmental changes. 
 This work innovates by addressing the problem of quantifying the genetic variation of fitness-
related traits in non-model organisms without access to a multigenerational pedigree. We 
demonstrated the huge potential of genomic-based relatedness for estimating quantitative genetic 
parameters in free-ranging populations. We showed that robust heritability estimates can be 
obtained from approximately 15’000 SNPs markers in species where no prior genomic resources 
were available. We demonstrated that movement, space-use behaviours and morphological traits, 
which are directly linked to the risk-avoidance resource acquisition trade-off, were heritable and 
thus, have the potential to evolve in response to selection. We also demonstrated that roe deer 
have the potential to respond to temporal fluctuations in risk through the plastic response of 





approaches in uncontrolled conditions in the presence of environmental sources of phenotypic 
resemblance between related individuals. This form of environmental similarity might greatly 
influence estimates of genetic variation for behavioural traits. Yet, environmental similarity might be 
the outcome of habitat choice which itself may have a genetic basis. Indeed, our results showed that 
the environment experienced by individuals (chosen at the post-juvenile stage) can have a genetic 
basis and therefore have the potential to evolve by means of natural selection. Furthermore, habitat 
composition and spatial behaviour tend to be genetically correlated, indicating that they cannot 
evolve independently in response to selection. Our findings call for further understanding of the eco-
evolutionary mechanisms underlying animals’ habitat choice and spatial behaviour in studies of the 
evolutionary dynamics of wild populations. This project is a step towards a better understanding of 
the mechanisms underlying the risk avoidance-resource acquisition trade-off and the beneficial and 
detrimental impacts of human activities on roe deer. 








L’apport des nouvelles technologies dans l’évaluation du potentiel évolutif en population 
naturelle : le cas du Chevreuil européen  
Résumé 
Afin de comprendre si les populations naturelles peuvent faire face aux changements 
environnementaux, il est nécessaire d’évaluer si les individus sont capables de changer 
d’environnement ou de phénotype et si ces changements peuvent être génétiques et plastiques. 
Cela nécessite de mesurer la part de variation génétique des traits liés à la valeur sélective des 
individus, ce qui a été abordé par une approche de génétique quantitative. Disséquer les 
composantes de variance du comportement spatial peut améliorer la compréhension de la capacité 
des populations à s’adapter face aux changements environnementaux. En effet, le mouvement peut 
permettre de moduler l’hétérogénéité environnementale à laquelle les individus doivent faire face. 
Pourtant, peu d’études mesurent le potentiel évolutif du mouvement contrairement aux autres 
traits tels que les traits morphologiques ou d’histoire de vie. Une des principales raisons est que, 
jusqu’à récemment, il était particulièrement difficile de combiner à la fois des données 
d’apparentement et de comportement spatial pour des populations naturelles. L’objectif de cette 
thèse est d’étendre les approches de génétiques quantitatives à l’écologie spatiale, grâce à l’apport 
synergique des données génomiques et de localisation spatiale des individus, cela afin d’évaluer le 
potentiel évolutif des comportements spatiaux en populations naturelles. Cette étude se déroule 
dans une population sauvage de chevreuils habitant un paysage hétérogène rythmé par la présence 
et l’activité humaine, de telles manières que les ressources de hautes qualités nutritives sont situées 
dans des endroits où le dérangement humain est fort. Ainsi il est essentiel de comprendre les 
mécanismes qui sous-tendent la gestion de ce compromis risque ressource par les individus.  
Dans un premier temps nous nous sommes penchés sur le problème de la mesure la variation 
génétique des traits, sans accès à un pedigree. Nous avons pu démontrer qu’il est possible d’obtenir 
des mesures d’héritabilité fiables et robustes avec approximativement 15 000 marqueurs SNPs, et 
cela sans avoir besoin de génome de référence. Dans un second temps, nous avons démontré que 
les comportementaux spatiaux et les traits morphologiques, qui sont directement impliqués dans le 
compromis risque-ressource, sont héritables. Ainsi, ces traits sont susceptibles d’évoluer en réponse 
à la sélection. Nous avons aussi pu mettre en évidence que les chevreuils pouvaient répondre aux 
fluctuations temporelles de dérangement humain par une réponse plastique des traits de 





mesurer le potentiel évolutif dans des conditions non contrôlées particulièrement dans le cas où les 
individus apparentés partagent de nombreuses sources de ressemblance phénotypiques. Nous 
avons pu mettre en évidence que la présence de similarité environnementale entre individus 
apparentés peut avoir une forte influence sur les estimations d’héritabilité des traits 
comportementaux. Par ailleurs, nous avons aussi pu monter que ces ressemblances entre individus 
apparentés induites par l’environnement, pourraient être dûes en partie à des variations génétiques 
qui sous-tendent le choix de l’habitat au stade post-juvénile. La composition d’habitat des individus 
et le comportement spatial au sein de cet habitat sont corrélés génétiquement, ce qui suppose qu’ils 
ne peuvent pas évoluer indépendamment vis-à-vis de la sélection. Ces différents résultats suggèrent 
qu’il est nécessaire de mieux comprendre les mécanismes éco-évolutifs qui sous-tendent le choix de 
l’habitat et le mouvement des individus afin de prédire la dynamique évolutive des populations. Ce 
projet est une première étape vers une meilleure compréhension des mécanismes qui sous-tendent 
la gestion du compromis risque ressource et vers un cadre plus intégrateur pour comprendre 
l’impact des activités humaines sur le devenir des populations de chevreuils.  
Mots-clefs : personnalité, génétique quantitative, potentiel évolutif, chevreuil, comportement 
spatial 
